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Medical device manufacturers using computational modeling 
to support their device designs have traditionally been guided 
by internally developed modeling best practices. A lack of 
consensus on the evidentiary bar for model validation has hin-
dered broader acceptance, particularly in regulatory areas. 
This has motivated the US Food and Drug Administration 
and the American Society of Mechanical Engineers (ASME), 
in partnership with medical device companies and software 
providers, to develop a structured approach for establishing 
the credibility of computational models for a specific use. 
Charged with this mission, the ASME V&V 40 Subcommittee 
on Verification and Validation (V&V) in Computational Mod-
eling of Medical Devices developed a risk-informed credi-
bility assessment framework; the main tenet of the framework 
is that the credibility requirements of a computational model 
should be commensurate with the risk associated with model 
use. This article provides an overview of the ASME V&V 40 
standard and an example of the framework applied to a ge-
neric centrifugal blood pump, emphasizing how experimental 
evidence from in vitro testing can support computational 
modeling for device evaluation. Two different contexts of use 
for the same model are presented, which illustrate how model 
risk impacts the requirements on the V&V activities and out-
comes. ASAIO Journal 2019; 65:349–360.
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Background

The vision of the Center for Devices and Radiological Health 
(CDRH) at the Food and Drug Administration (FDA) is for U.S. 

patients to have first-in-the-world access to high quality, safe 
and effective medical devices, of public health importance. This 
requires stakeholders from across the regulatory science domain 
to work together to harness innovative technologies and meth-
odologies that can enable the development of safer and more 
effective devices. Computational modeling continues to be a top 
regulatory science priority for CDRH1 for medical device evalua-
tion. There is a broad range of computational disciplines used to 
investigate and support medical device designs, such as acous-
tics for therapeutic ultrasound, electromagnetism for magnetic 
resonance imaging simulation, fluid dynamics for flow charac-
terization, heat transfer for ablation procedures, solid mechanics 
for fatigue assessment, and a host of statistical methods for clin-
ical study evaluation. Morrison et al. has recently provided a 
comprehensive overview of regulatory science and review ac-
tivities associated with computational modeling at CDRH,2 and 
previously provided a more detailed description of the uses of 
computational modeling for peripheral and vascular surgery  
medical devices.3

Moving beyond modeling for product development, CDRH 
is currently collaborating with the Medical Device Innova-
tion Consortium (MDIC) and industry to develop and employ 
methodologies that can augment clinical studies with data 
from other sources, such as historical clinical data and even 
computer-based models in the form of virtual patients. The vir-
tual-patient framework4,5 was piloted as a mock-submission for 
FDA’s review and approval, the details of which are available on 
the MDIC website.6 The concept is that “computer-based mod-
eling can allow for much smaller clinical trials, such that some 
‘clinical’ information comes from virtual patient simulations.7” 
The success of the virtual patient approach will rely on several 
key factors, but of utmost importance is the ability for industry 
to demonstrate adequate credibility such that computational 
models can be allowed to serve as “clinical” information.

The Oxford Dictionary8 defines credibility as the “quality of 
being trusted and believed in.” If the medical device community 
is going to rely on computational models to support regulatory 
decision-making, then it is vital to establish trust that the model 
outputs are sufficiently accurate and reliable for a given appli-
cation. Trust is gained through the collection of evidence that 
supports the predictions provided by the model. Included in that 
evidence should be data from verification and validation (V&V) 
activities. However, the level of rigor of V&V activities needed to 
support a model is not clear at the outset, and thus guidance on 
this topic is critical for adoption. Therefore, the ASME V&V 40 
Subcommittee on Verification and Validation in Computational 
Modeling for Medical Devices9 defines credibility as, “the trust, 
obtained through the collection of evidence, in the predictive 
capability of a computational model for a context of use (COU).” 
The COU is a statement that defines the specific role and scope 
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of a computational model to inform a decision or to address a 
question. Currently, in FDA medical device submissions, com-
putational models typically complement bench test data and 
rarely drive regulatory decision-making. To increase reliance 
on computational modeling evidence, practitioners need an 
approach to establish the evidentiary bar for different modeling 
applications, or COUs. Therefore, the ASME V&V 40 standard10 
proposes a risk-based framework (henceforth referred to as the 
V&V40 framework) for establishing the credibility requirements 
of a computational model for a specific COU.

The main objectives of this article are to introduce the con-
cepts of the ASME V&V 40 framework This is only true now, 
but not in 100 years when people are still reading this article. 
and to demonstrate the critical engineering judgment needed 
to apply that framework to different COUs for a computa-
tional model. A hypothetical example of a centrifugal blood 
pump that partially relies on the use of computational fluid 
dynamics (CFD) modeling11,12 to make hemolysis predictions 
to support the pump’s safety assessment is given to support 
these objectives.

Overview of the ASME V&V 40 Standard

The ASME V&V 40 standard presents a risk-informed credi-
bility assessment framework to guide the development of cred-
ibility requirements for a computational modeling activity. 
The standard complements published V&V methodologies, 
such as the ASME standards for V&V for computational solid 
mechanics13,14and fluid dynamics and heat transfer,15 the NASA 
credibility assessment standard,16 and other relevant litera-
ture,17,18 by focusing on “how much” V&V is needed to support 
model credibility. The ASME V&V 40 standard contends that 
the level of evidence should be commensurate with the risk of 
using the computational model to inform a decision. Briefly, 
the steps for determining the evidentiary bar using the V&V 40 
framework are:

 1. Define the question of interest, which the computational 
model will play a role in addressing.

 2. Define the COU, which is a detailed statement that de-
fines the scope and specific role of the computational 
model in addressing the question of interest.

 3. Assess the model risk, which is the possibility that the use 
of the computational model leads to a decision resulting 
in patient harm or other undesirable outcome(s). Model 
risk is defined as the combination of the influence of the 
computational model on the decision-making (model 
influence) and the consequence of an adverse outcome 
resulting from an incorrect decision based on the mode 
(decision consequence).

 4. Establish goals for various elements of the V&V process, 
called credibility factors, shown in Table 1. Credibility 
goals are driven by the risk analysis. Details and dis-
cussion regarding the credibility factors are provided in 
Section 5.

The remaining steps are to gather the V&V evidence and any 
other pertinent information that supports model credibility, 
such as historical evidence of the model’s predictive ability for 
other COUs,16 and to assess whether the credibility goals were 
met, i.e., that the model is sufficiently credible for the COU. 
This assessment is best performed with a team of people with 

adequate knowledge of the computational model, the avail-
able evidence that supports model credibility, and the require-
ments of the model for the COU. The final stage is to document 
the findings. Documentation should include the rationale sup-
porting the credibility goals for applying the model in the pro-
posed COU.

Centrifugal Blood Pump Example

A hypothetical example was developed to demonstrate the ap-
plication of the V&V 40 framework to a medical device that is 
commonly evaluated using CFD. The framework is employed 
to determine the level of rigor needed to support using CFD 
to evaluate the hemolysis levels of a centrifugal blood pump. 
This example assesses model credibility requirements for two 
different COUs to demonstrate the importance of the COU in 
the credibility assessment.

Details provided in this section include: 1) a description of 
the pump geometry and operating conditions, 2) critical com-
ponents of the V&V 40 framework used to establish credibility 
goals, 3) a description of the CFD models for predicting blood 
flow and hemolysis, 4) the two experimental comparators (par-
ticle image velocimetry and in vitro hemolysis testing), and 5) 
a discussion on translating the model risk into credibility goals.

It is important to note that the goal of this article is not to 
provide general approaches for CFD, hemolysis models, or ex-
perimental comparisons, but to demonstrate how to use engi-
neering judgment and the V&V 40 framework to make decisions 
about what is needed to establish credibility. Therefore, specific 
recommendations about best practices for CFD and hemolysis 
modeling of blood pumps, experimental measurements, and 
acceptance criteria for model accuracy are out of scope.

Generic Centrifugal Blood Pump

The medical device in this hypothetical example is the FDA 
generic centrifugal blood pump,19 shown in Figure 1A. The in-
tended pump flow rate ranges from 2.5 to 6 L per minute (lpm) 
and impeller rotation ranges from 2,500 to 3,500 revolutions 
per minute (rpm). For these operating conditions, the pres-
sure increase achieved by the pump ranges from 50 mm Hg 

Table 1.  The Credibility Factors as Presented in the ASME 
V&V 40 Standard

Activities Credibility Factors

Verification
 Code Software quality assurance

Numerical code verification
Calculation Discretization error

Numerical solver error
Use error

Validation
 Computational model Model form

Model inputs
Comparator Test samples

Test conditions
Assessment Equivalency of input parameters

Output comparison
Applicability Relevance of the quantities of 

interest
Relevance of the validation 

activities to the COU
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to 350 mm Hg.19 Although the pump was designed to provide 
the desired hydraulic performance (flow rate versus pressure 
rise) with clinically acceptable levels of hemolysis, this needs 
to be confirmed with additional analyses. During the product 
development phase, CFD simulations were performed over 
the pump’s intended operating range; shear stress calculations 
provided qualitative assessments of hemolysis, as shown in 
Figure 1B. Hemolysis, however, is not only a function of shear 
stress but also dependent on the local exposure time. There-
fore, a quantitative assessment of hemolysis was performed 
based on the local shear stress and exposure time data derived 
from the velocity prediction of the CFD simulations.

Apply the ASME V&V 40 Framework

The question of interest addressed in this example is “Are the 
flow-induced hemolysis levels of the centrifugal pump accept-
able for the intended use?” Two different COUs are considered 
for the blood pump based on the role of the computational 
model to assess the question of interest and the classification of 
the device: i) cardiopulmonary bypass (CPB) and ii) short-term 
use as a ventricular assist device (VAD). The COUs and the 
associated model-risk assessments are provided in Table 2 to 
facilitate a side-by-side comparison of these scenarios.

Computational Models

Blood flow model.  The pump geometry was generated 
using a commercial CAD software package (SolidWorks, 
Waltham, MA). A commercial CFD solver (ANSYS CFX v.15.0, 
ANSYS, Inc., Canonsburg, PA) was used to model blood flow 
through the pump. Nominal dimensions were used to create 
the CFD flow path from the CAD model. ANSYS meshing was 
used to obtain the finite volume representation of the pump in-
ternal flow path (see Figure 1C for the housing flow field). The 
velocity field and shear stresses inside the pump were obtained 
by solving the mass and momentum conservation equations. 
The SST k-ω model was used to model the turbulent nature of 
the fluid flow.20 Transient simulations were performed to cap-
ture the effect of impeller rotation on the fluid flow patterns 
and pressure generation. Blood was modeled using a constant 

density and viscosity (i.e., as a Newtonian fluid) to match the 
in vitro test conditions. The blood flow rate was prescribed at 
the pump inlet, an average static pressure of 0 Pa was applied 
at the pump outlet, and the walls were assumed no-slip. An 
Eulerian power-law hemolysis model (described in the next 
section) was incorporated into the CFD model to calculate the 
hemolysis index based upon an empirical expression that is a 
function of local shear stress and exposure time.

Power-law hemolysis model.  The power-law equation for 
the hemolysis index (HI) was developed from regression analy-
sis of in vitro blood damage data collected in a constant shear 
Couette flow device,21 and is expressed as:

HI
Hb

Hb
C ts exp%( ) =

∆
× =100 τ α β

where C, α, β  are constants obtained from curve fitting the 
hemolysis data, τ s  is the magnitude of the local shear stress, 
texp is the exposure time of blood cells to the local shear stress 
in the device, ∆Hb  is the increase in plasma-free hemoglobin 
concentration, and Hb  is the blood hemoglobin concentra-
tion. An Eulerian form for the HI equation can be obtained 
by linearizing Equation 1 for t and introducing a new scalar 
variable HI’
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where HI HI′ = [ ]1/β , S C s= ( )τ α β1/
,  and v  is the velocity of 

the carrier fluid (blood). Note that the HI equation is sequen-
tially coupled to the Navier-Stokes equation. The benefits of 
implementing the HI equation as a scalar variable have been 
outlined elsewhere.22

Role of the model for each COU.  As stated above, the 
blood flow and power-law hemolysis models were used to as-
sess the hemolysis over a range of expected operating condi-
tions for blood flow rate and impeller rotational speed. This 
section describes the prediction points and validation points 
for each COU, as depicted in Figure 2.

For COU1, the models were first used to assess the hemol-
ysis levels at numerous operating points in the range from 2 
lpm and 2,500 rpm to 6 lpm and 3,500 rpm, as shown by the 

(1)

(2)

Figure 1. A: The geometry of centrifugal blood pump with arrows indicating the blood flow path—additional design details are provided 
in Malinauskas et al.19 B: Sample image of CFD results for the wall shear stress contours for a blood flow rate of 6 lpm and impeller rotation 
of 3,500 rpm. Note that the upper range of the scale was limited to 300 Pa to better highlight the high shear regions, which include the outer 
edges of the impeller blades, the regions behind the blades (downstream side of the blades, possibly due to flow separation off leading edge 
of blades), the cutwater, and the region entering the pump diffuser (as shown in red). C: A view of the finite volume mesh of the flow region 
within the pump housing, highlighting the presence of wall boundary layers. 
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grey box in Figure 2. A low flow/rotation condition 1 (2.5 lpm, 
2,500 rpm) was selected as one validation point. Subsequently, 
the models were used to identify two potentially worst-case 
conditions for hemolysis, condition 2 (6 lpm, 3,000 rpm) and 
condition 3 (6 lpm and 3,500 rpm). The two conditions were 
then assessed via in vitro testing to ensure that worst-case he-
molysis values remained within acceptable limits.

For COU2, the models were first validated at three operating 
points identified from COU1. Subsequently, the hemolysis lev-
els at numerous conditions over the intended operating range 
from 2 lpm and 2,500 rpm to 6 lpm and 3,500 rpm were ana-
lyzed, including at condition 4 (2 lpm, 3,500 rpm) and condi-
tion 5 (6 lpm and 2,500 rpm), which are at the other extremes of 
the flow/rotation operating range. For both COUs (i.e., CPB use 

Figure 2. The pump condition maps for COU1 (A) and COU2 (B) that show the operating conditions for the pump—note the validation 
points (solid circles) and the select predictions points (open circles) for each COU. Disclaimer: data are only for illustrative purposes. The 
operating range of the pump encompass the grey box. The prediction points include the entire operating range of the pump. Only select pre-
diction points are shown in the figure. 

Table 2.  Comparison of the Model Risk Assessments for COU1 and COU2, to Address the Question of Interest:  
Are the Flow-Induced Hemolysis Levels of the Centrifugal Pump Acceptable for the Intended Use?

Context of Use

COU1: Cardiopulmonary Bypass Use Class II Indication for Use
COU2: Short-term Use as a Ventricular Assist Device Class III 

Indication for Use

◻ The computational model will be used to identify specific 
operating conditions of the blood pump that might result in 
unacceptable levels of hemolysis. Those operating conditions 
will then be evaluated with in vitro testing for the final 
hemolysis assessment.

◻ Building on COU1, the computational model will be used to 
determine if the hemolysis levels are acceptable over the operating 
range of the blood pump. Unlike COU1, those conditions will not 
be evaluated with in vitro testing.

◻ The CFD model will compute velocity, shear stress, and 
exposure time of the blood inside the pump. An Eulerian 
power law model will determine the worst-case operating 
conditions for hemolysis for blood flow rates ranging from 2.5 
to 6 lpm and impeller rotation speeds ranging from 2,500 to 
3,500 rpm; see conditions highlighted in Figure 2A.

◻ Use the CFD model to compute velocity, shear stress, and 
exposure times of the blood inside the pump. An Eulerian power 
law model will be used to determine the hemolysis levels for blood 
flow rates ranging from 2.5 to 6 lpm and impeller rotation rates 
ranging from 2,500 to 3,500 rpm.

◻ The worst-case operating conditions for hemolysis, as 
identified by the CFD model, will be confirmed by in vitro 
bench testing of the pump.

◻  In vitro bench testing at three operating points will serve as 
validation data for the hemolysis predictions at additional points 
not tested (see Figure 2B).

◻ No regulatory safety claims will be made based on the CFD 
data; those data will only identify the worst-case operating 
conditions for in vitro testing. The in vitro test results will 
serve to inform the hemolysis assessment of the pump.

◻ The CFD and Eulerian power law models will be used to assess the 
hemolysis levels for a broad range of operating conditions, but only 
selected conditions will be evaluated with in vitro bench testing.

Model Risk Assessment

Model Influence: the influence is low because the data to 
support the safety assessment are based on in vitro test 
data, although the operating conditions to be tested will be 
identified from the CFD results → Low

Model Influence: the influence is high because the data to support 
the safety assessment will be based on limited in vitro test data 
and will rely primarily on the CFD results → High

Decision Consequence: if the pump causes high levels of 
hemolysis while the patient is in the surgical suite, then the 
pump can be replaced or other mitigating actions can be 
taken to minimize the risk to the patient → Medium

Decision Consequence: if the pump causes high levels of hemolysis 
while the patient is supported by an implanted pump, then 
mitigating actions are harder to implement, and thus the patient is 
potentially at a higher risk for adverse events resulting in surgical 
intervention and device replacement → High

Model Risk: Low-medium (level 2) see Figure 3. Model Risk: High (level 5) see Figure 3.
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[COU1] and short-term VAD use [COU2]), the operating points 
were designed so that the device was able to pump against 
pressure heads ranging from 50 mm Hg to 350 mm Hg.19

Validation Comparators

Particle-image velocimetry experiments.  Particle-image ve-
locimetry (PIV) experiments were conducted to obtain velocity 
data at multiple locations inside the pump using a Newtonian 
blood-analog fluid, which mimics the density and viscosity of 
blood. The PIV measurement system has been described else-
where.19 The pressures at the pump inlet and exit were also 
measured for comparison to the blood in vitro hemolysis ex-
periments and the CFD simulations. PIV experiments in the 
pump were repeated five times, after a previously established 
precedent.19

In vitro hemolysis experiments.  Experiments using the 
blood pump in a flow loop were conducted to measure he-
molysis levels using porcine and human blood. Details about 
the hemolysis experiments are provided elsewhere.19,23

Acceptance criterion for hemolysis predictions.  For this 
example, the acceptance criterion for the question of interest 
was based on comparing the hemolysis levels of the subject 
device with previously cleared or approved devices (i.e., based 
on relative hemolysis). The definition for relative hemolysis 
(RH) is provided below:

RH =
Hemolysis inthe subjectdevice

Hemolysis inthecommerrcially availabledevice  
(3)

The goal (acceptance criterion) is to ensure that the RH value 
is below 1 for all pump operating conditions.

For COU1, the hemolysis levels for a commercially avail-
able predicate device for CPB were experimentally obtained 
and compared with the hemolysis levels of the subject device 
(i.e., the generic blood pump). For COU2, the acceptance cri-
terion for the hemolysis levels was established by comparing 
the generic pump data to a commercial pump (class III de-
vice) known to cause low levels of hemolysis during use as a 
VAD.21 For simplicity, however, the same device was used in 
both comparisons.

Translate Model Risk into Credibility Goals

This section describes the selection of and rationale for credi-
bility goals for a subset of the V&V 40 credibility factors; note 
that a complete assessment would require an evaluation of all 
credibility factors. Verification activities address whether the 
underlying mathematical model was solved correctly, which 
are the Navier-Stokes and HI equations in this example. Vali-
dation activities address whether the computational model is 
an appropriate representation of the reality of interest, which 
is the blood pump performance at selected operating condi-
tions in this example. Additionally, the V&V 40 framework 
also identifies applicability as an important evaluation step, 
which assesses the relevance of the validation activities to 
the COU.

Tables 3 and 4 summarize the credibility factors being high-
lighted for this example. Associated with each credibility fac-
tor is an example list of activities presented at progressively 
increasing levels of rigor, where the goal for each credibility 
factor is dependent on the model risk. For example, a COU 

with higher risk would require a higher level of rigor, and thus 
a higher credibility goal, as compared to a COU with lower 
risk. Risk comparison levels are shown in Figure 3. For each 
COU, we present the proposed gradation of activities, the as-
sociated goal for each credibility factor, and a rationale that 
supports the selection of that goal. The assessment of each 
credibility factor and the overall credibility assessment of the 
model will be presented in the Results section. Note that defi-
nitions and descriptions of verification, validation, and appli-
cability are provided in the footer of Table 4.

Results

The last step in the risk-informed credibility assessment frame-
work is to determine whether the computational model is 
credible for the COU. This is based on the totality of the in-
formation and evidence gathered during model development, 
from in vitro testing, and other V&V activities. The next two 
sections summarize how the selected credibility goals were 
achieved for each COU.

Credibility Assessment—COU1

Verification.  For code and calculation verification, all in-
tended credibility goals listed in Table 3 were achieved. For 
numerical code verification, the Eulerian power-law model 
was compared with the verification benchmarks listed in 
Hariharan et al.22 For calculation verification, a grid con-
vergence study was conducted using three different meshes 
and the results showed that the velocity and hemolysis index 
predictions changed by less than 1% as the mesh size was 
increased.

Validation.  For validation, all intended credibility goals 
listed in Table 4 were achieved.

Assessment → Output Comparison, Quantity  The targeted 
credibility goal was achieved by comparing the two quantities: 
velocity and RH.

Assessment → Rigor of Output Comparison  The targeted 
goal for this credibility factor was to quantify the uncertainty in 
the experimental measurements of velocity and HI and com-
pare those findings with mean modeling results, which was 
achieved by repeating the tests five times for each operating 
condition and incorporating the method/instrument meas-
urement uncertainty from their calibration or prior method 
validation studies. The results were then compared with the 
corresponding mean CFD data (a representative comparison 
is shown in Figure 4), and mean hemolysis data (shown in 
Figure 5).

Assessment → Agreement of Output Comparison  Figure 4A 
presents the visual comparison between experimental and 
computational velocity contours for condition 1. A qualitative 
evaluation (Level (a) for “Rigor of Output Comparison”) shows 
that the velocity data match reasonably well between the two 
data sources: the regions of low and high flow are similar, the 
peak velocity magnitudes are comparable and occur near the 
blade-tip, and the exit fluid jet is asymmetrically skewed to-
ward the outer wall of the pump. Figure 4B shows a compar-
ison of the velocity profile at the exit diffuser region: the level 
of asymmetry was similar for both data sources and the peak 
CFD velocity matched the experimental data to within approx-
imately 15% (Level (b) for “Rigor of Output Comparison”).
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Figure 5 shows the comparison between the experimental 
and computational RH predictions. All hemolysis data are 
normalized with respect to the acceptable threshold level 
of hemolysis produced by the commercially available predi-
cate blood pump. Therefore, a value of RH exceeding 1 indi-
cates that the blood damage caused by the subject device 
exceeds the predicate device and thus may not be safe for 
patient use. For pump condition 1 (a low flow/speed valida-
tion point), the difference in RH between the mean compu-
tational model results and the experimental mean value for 
RH is approximately 40%. However, the CFD predicted RH 
value is fivefold lower than the established safety threshold 
for HI.25 Therefore, even after considering the error in the 
CFD model (approximately 40%) and the uncertainties in the 

hemolysis experiments, the model is sufficiently credible to 
show that the device does not cause higher levels of hemol-
ysis at that validation flow condition (Level (c) for “Rigor of 
Output Comparison”).

Comparator →Test Conditions  The fluid viscosity and den-
sity were measured before every experiment using a rheometer 
and a densitometer, respectively. The flow rate was measured 
during the experiment using a calibrated ultrasound flow me-
ter. A tachometer was used to measure the impeller rotational 
speed over the course of the experiments. Subsequently, the 
fluctuations in the flow rate, rotational speed, viscosity, and 
density during all experiments were quantified. By repeating 
the experiments five times and quantifying uncertainty in the 
test conditions of flow rate, impeller speed, and viscosity and 

Table 3.  Goals and Rationale for Credibility Factors Associated with Verification*

Selected ASME V&V 40 Credibility Factors for VERIFICATION Credibility Goals and Rationale

Credibility factor with example gradations to demonstrate 
lowest to highest levels of credibility.

COU1 COU2

Code Verification → Software Quality Assurance 
(SQA) addresses the development practices used 
by the solver developer to ensure the integrity of the 
solver.

a. Very little or no SQA procedures were specified or 
followed;

b. SQA procedures were specified and documented;
c. In addition to the previously specified SQA 

procedures, the software anomaly list and the software 
development environment are fully understood and 
the impact on the COU is analyzed and documented; 
quality metrics are tracked.

Selected Goal: Activity (a)
The CFD software is 

commonly used by the 
medical device industry, 
academia, and research 
groups to evaluate blood 
flow through centrifugal 
blood pumps.10 No major 
SQA issues have been 
previously reported. 
The user has the option 
of utilizing the SQA 
documentation provided 
by the code developers for 
this lower risk level.

Selected Goal: Activity (b)
The CFD software is commonly used by 

the medical device industry, academia, 
and research groups to evaluate blood 
flow through centrifugal blood pumps. 
For this higher risk level, some references 
to SQA procedures and documentation 
are required. The user can refer to the 
SQA documentation and anomaly lists 
provided by the code developer. The 
users are required to provide some 
SQA documentation to ensure that the 
code was installed correctly on the host 
machine and provides repeatable results 
in the specified software environment.

Code Verification → Numerical Code Verification 
(NCV) addresses how well the code solves problems 
with known solutions.

a. NCV was not performed;
b. The numerical solution was compared to an accurate 

benchmark solution from another verified code;
c. The numerical solution was compared to an accurate 

benchmark solution, either an analytical solution or 
using the method of manufactured solutions (MMS);

d. A grid convergence study was performed and the 
discretization error quantified, the observed order 
of accuracy was quantified and compared to the 
theoretical order of accuracy.

Selected Goal: Activity (c)
NCV for blood velocity, 

exposure time, and shear 
stress determination 
is mandatory in this 
situation. Previous 
literature has reported 
user error in implementing 
the Eulerian-based 
hemolysis index model.23 
Consequently, comparison 
against a benchmark 
analytical solution is 
deemed necessary.21

Selected Goal: Activity (c)
NCV for blood velocity and shear stress 

determination is mandatory in this 
situation. Previous literature has 
reported user error in implementing the 
Eulerian-based hemolysis index model.23 
Consequently, comparison against a 
benchmark analytical solution is deemed 
necessary. However, developing an 
analytical solution for the full turbulence 
model is difficult because source code is 
not accessible to modelers.24

Calculation Verification → Discretization Error is the 
error associated with the chosen mesh, element type, 
and the level of mesh refinement.

a. No grid convergence performed;
b. Grid convergence performed, conservation equations 

balances not checked;
c. Grid convergence performed, conservation equations 

balances checked, no estimation of discretization error;
d. Grid convergence performed, conservation equations 

balances checked, discretization error estimated for 
problem-specific quantities of interest.

Selected Goal: Activity (c)
A grid convergence study is 

deemed essential because 
hemolysis occurs in the 
high shear stress regions 
and it is well-known that 
shear stress estimations 
are grid-sensitive.

 Selected Goal: Activity (d)
In addition to a grid convergence study, 

quantification of discretization error for 
the quantity of interest is necessary. 
Quantification of discretization error will 
help understand the effect of numerical 
uncertainty on the accuracy of the hemolysis 
values. As the model risk is High for this 
COU, if the CFD predicted RH is close to 1, 
then additional mesh refinement might be 
required to minimize the discretization error.

*Verification assesses the correctness of the numerical implementation in the code and hardware platforms. Verification can be further 
subdivided into code verification and calculation verification. The credibility factors for code verification are software quality assurance, which 
addresses how well the (commercial or open-source) software developer documented and ensured the integrity of the solver, and numerical 
code verification, which addresses the accuracy of the code when solving problems with known solutions. The credibility factors for calcula-
tion verification are discretization error (the error associated with the chosen mesh, including element type and level of refinement), numerical 
solver error (the error associated with the type of solver and solver settings), and use error (the error associated with potential human errors, 
e.g., typing the code incorrectly or errors that occur when entering model input  parameters). Table 3 summarizes the assessment of a few of 
the credibility factors associated with verification for COU1 and COU2.
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density of the test fluids, the goal for the “validation compara-
tor, test conditions” credibility factor was achieved.

Applicability.  Applicability is evaluated in terms of the rel-
evance of the quantities of interest to the COU as well as the 
relevance of the validation activities.

Relevance of the Quantities of Interest  Hemolysis is a 
quantity of interest directly applicable to the question of in-
terest. RH is a measure of the hemolysis relative to a reference 
value, which is an acceptable validation metric.

Relevance of the Validation Activities to the COU    
App licability is assessed as the amount of “overlap” between 
the validation space and the COU conditions. The goal for this 
credibility factor only requires partial overlap between the 
validation point (condition 1) and the prediction points. To a-
chieve this, the impeller rpm and flow rate for the validation 
point (condition 1) lie within the COU and the potential range 
of operation of the pump.

Apply the model to the COU.  After determining that the 
model was credible for the COU at the low flow/speed condi-
tion, additional CFD simulations were performed for impeller 
rotational speeds ranging from 2,500 to 3,500 rpm and flow 
rates ranging from 2.5 to 6 lpm. Results from the CFD study 
indicated that the relative hemolysis levels were close to or 
above the acceptance criteria for high flow/speed conditions 2 
and 3. As per the COU, subsequent in vitro hemolysis testing 
was conducted at these operating conditions to evaluate HI.

Credibility Assessment—COU2

Verification. All verification activities listed for COU1 are 
applicable for COU2. Supplementing code verification for this 
higher risk COU, the software quality assurance documents 
were requested from the software vendor and further evaluated 
to ensure that no known bugs were present in the software 
related to solving the SST k-ω turbulence model equations. 
For calculation verification, numerical uncertainty due to 
mesh discretization was estimated following the Richardson 

extrapolation approach.15 Taken together, these additional 
activities were sufficient to achieve the increased rigor required 
for COU2.

Validation. Assessment, output comparison → quantity.   
Mirroring COU1, two quantities were compared: velocity and 
hemolysis data.

Assessment → rigor of output comparison.  Both velocity 
and hemolysis experiments were repeated five times for each 
operating condition to quantify the uncertainty in the com-
putational model outputs and experimental measurements. 
Uncertainty and fluctuations were quantified for the follow-
ing input parameters of the PIV and hemolysis experiments: 
flow rate, impeller rotational speed, and viscosity and density 
of blood or blood-analog fluid. The flow rate was measured 
during the entire experiment using a calibrated ultrasound flow 
meter. The fluid viscosity and density were measured before 
every experiment using a rheometer and a densitometer, re-
spectively. A tachometer was used to measure the pump speed 
over the course of the experiments. A Monte Carlo-based un-
certainty quantification method15 was used to obtain a total 
uncertainty in velocity and hemolysis predictions due to un-
certainties from multiple input parameters. Estimating the un-
certainties for both CFD and experiments meets the appropri-
ate level of rigor for this credibility factor.

Assessment → agreement of output comparison.  For ve-
locity comparison, the validation discussion provided for 
COU1 is applicable for COU2.

Figure 6 shows the comparison between the experimental 
results and computational hemolysis predictions. Unlike 
COU1, there are three validation points for COU2. This was 
necessary because the model has a greater influence on the 
decision. The additional hemolysis experiments conducted for 
COU1 were used to support COU2 model validation.

For condition 1, the conclusion drawn for COU1 is appli-
cable to COU2. The main difference between the two COUs 
for the validation assessment is the estimation of uncertainties 
for the CFD output. For COU2, as stated in the credibility goal, 
the uncertainties in the CFD output were obtained in addition 
to the experimental uncertainties. For condition 1, the uncer-
tainty in the CFD output does not change the interpretation 
of the results from COU1. Even when the CFD uncertainties 
are accounted for, the RH value is significantly lower than the 
potential level for hemolysis. However, for conditions 2 and 
3, the inclusion of the numerical and input parameter uncer-
tainties means that the RH value predicted by the CFD model 
could exceed 1 if all relevant uncertainties (i.e., CFD and ex-
perimental error bars) are considered. Therefore, the goal for 
“Agreement of Output Comparison” was not achieved and 
thus the model cannot be used to assess the potential hemol-
ysis index for conditions 2 and 3.

Applicability. Relevance of the quantities of interest. 
Hemolysis is a quantity of interest directly applicable to the 
question of interest. RH is a measure of the hemolysis relative 
to a reference value, which is an acceptable validation metric.

Relevance of the validation activities to the COU.   
Considering the model risk for COU2, the goal was to ensure 
that the CFD output for some of the operating conditions with 
increased potential for generating hemolysis was validated 
with bench experiments. This credibility goal was achieved 
because all three validation points were clinically-relevant op-
erating conditions for the pump.

Figure 3. Model risk map indicating the risk for COU1 at a level 
2 and COU2 at a level 5 based on our risk classification scheme.
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Apply the Model to the COU  Our credibility assessment 
showed that the CFD model is credible for condition 1 but not 
conditions 2 and 3. Subsequently, the model was applied to a 
broad range of conditions within the operating range; data are 
shown for two additional predictions points for discussion pur-
poses (Figure 6). For condition 4, the CFD predicted RH was 
0.4 ± 0.1. Assuming i) the mean comparison error between the 
CFD results and the experimental data from condition 1 (= 0.1) 
and ii) the experimental uncertainty (= ± 0.4) from condition 
1 was applicable to condition 4, the CFD predicted RH will 
remain below 1 even after accounting for the comparison error 
and the experimental uncertainty. In other words, accounting 
for model form error and all uncertainties in experimental data 
and the CFD results, the model can be considered credible e-
nough to conclude that the pump will not cause unacceptable 
levels of hemolysis for condition 1 and condition 4. However, 
for condition 5, the CFD model predicted RH is 0.55 ± 0.25. 
If the comparison error for condition 5 is on the order of the 
comparison error as determined for other conditions, then the 
RH values exceed 1. In other words, the uncertainties in the 
model form and other sources result in insufficient credibility 
to reliably predict hemolysis at condition 5.

For condition 5, the mean RH values are significantly below 
1. However, inclusion of the uncertainties in the experiments 
and the model form makes the results not sufficiently credible 
to evaluate the pump safety for this condition. If the experi-
mental and numerical uncertainties can be reduced, then the 
model may be deemed sufficiently credible to predict hemol-
ysis for this condition.

Overall, for COU2, the CFD model was not sufficiently 
credible to predict hemolysis over the entire operating range 
of the pump. Consequently, data from additional sources, such 
as animal testing, might be required to ensure low hemolysis 
levels in the pump.

Reporting of Computational Model and Credibility 
Assessment Results

The V&V 40 standard recommends providing a final report 
of the complete study summarizing the model credibility ac-
tivities, regardless of the credibility outcome. The final re-
port should include key details and rationales regarding the 
question of interest, COU, model risk, credibility goals, V&V 
activities, applicability, and credibility assessment. The FDA 
guidance on computational model reporting in device submis-
sions26 is recommended if the results from computational mod-
eling studies are provided in a regulatory submission.

Discussion

Computational fluid dynamics and other modeling modalities 
have the potential to greatly influence the process of designing 
and evaluating medical devices, including life-supporting 
devices for patients in critical need. One of the major hurdles 
that has limited the use of modeling in regulatory submissions 
has been a lack of consensus on the level of validation re-
quired to establish that a model has sufficient credibility for de-
cision-making. The ASME V&V 40 standard helps to elucidate 
the credibility requirements of a computational model based 
on risk.C
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The main objectives of this article were to introduce the 
concepts of the V&V 40 risk-informed credibility assessment 
framework and to demonstrate its application with an ex-
ample relevant to the artificial organ community. The data 
presented were collected as part of the FDA Blood Pump 
Round Robin19 and modified for this example; the data are 
used for demonstration purposes only. And while the results 
and conclusions are hypothetical, two realistic scenarios were 
outlined to illustrate the thought processes behind the V&V 
40 framework. For example, the scenarios demonstrated how 
different COUs can apply to the same CFD model and how 
risk guides the credibility requirements of each V&V activity. 
The example also illustrated the engineering, and potentially 
clinical, judgment required to determine rationale and assess 
credibility. This was exemplified by using the same device ge-
ometry, same operating conditions, and same data to support 

two different COUs: one where the computational model was 
deemed sufficiently credible (COU1) and the other where it 
was not (COU2). And while the intent was to present a com-
prehensive example of the V&V 40 standard, due to space 
constraints, only a limited number of credibility factors were 
presented and evaluated. The reader is referred to the V&V 40 
standard for further details, which includes six device-related 
examples in its appendix.

Both COUs required the use of two different computational 
models: the CFD model for predicting velocity and shear stress, 
and the HI model to predict hemolytic blood damage caused 
by the pump. The accuracy requirements for the two models 
will be different and need to be justified based on the COU. For 
example, a sufficiently accurate velocity and shear stress pre-
diction from a credible CFD model could still lead to inaccurate 
HI predictions if the credibility of the hemolysis model is not 

Figure 4. (A) Visual and (B) qualitative comparison of the velocity data from the PIV experiments and the CFD model. Data obtained from 
Malinauskas et al.19 

Figure 5. Hemolysis results for COU1 at the validation point and the two prediction points. As outlined in Figure 2A, the CFD results for 
pump conditions 2 and 3 are model predictions, as marked by the asterisk. The dashed line represents an RH of 1 based on a predicate 
comparison. Please note that the experimental and CFD data presented here are hypothetical and used only to demonstrate the credibility 
assessment process. 
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appropriately established. This was the case for COU2 where 
the credibility of the hemolysis model was deemed insufficient 
for assessing the safety of the blood pump even though the ve-
locity (from the CFD model) was deemed credible for COU1.

One theme between the two blood pump scenarios pre-
sented was how the risk associated with the COU may be 
impacted by the device classification. It is worth noting that 
device classification may not necessarily have a direct link to 
the decision consequence. For example, micromotion in the 
socket between the stem and acetabular cup of a hip implant 
can cause serious infections, which can lead to hospitalization 
and revision surgeries. Therefore, the risk for models designed 
to predict micromotion might be high even though this is a 
moderate risk device.

With respect to V&V, it is worth considering a few additional 
points. FDA has received inquiries regarding the requirements 
for code verification of open-source software as compared to 
commercial software. The FDA guidance26 on reporting states 
that “Code verification is important, regardless of the software 
type” and allows companies to reference available documen-
tation and verification results from the software developer.

With respect to validation comparators, for other engineering 
disciplines, the comparator is typically a physical experiment 
or bench test. In biomedical models, or models with COUs 
that might impact patient outcomes or patient care, the vali-
dation comparator might be an animal, imaging, or a human 
clinical study. The details regarding the “test sample” and the 
“test conditions” remain relevant regardless of the data type; 
the goal of these factors is to elucidate the uncertainty associ-
ated with both types of input.

For computational models supporting medical devices, or 
more generally in bioengineering, the COU is often related to 
patient outcomes or device performance in a clinical setting. 

Therefore, capturing the relevant aspects of the reality of in-
terest, i.e., clinical use, with a validation comparator, such as 
a bench test, might seem insufficient. The credibility factor for 
applicability assesses the relevance of the validation setting 
compared to the use setting. (Note that applicability was dem-
onstrated only for the overlap of the operating conditions; sim-
ilar analysis would be needed for other factors such as blood 
viscosity, density, and fragility to understand if the predictions 
made based on animal blood are applicable under clinical 
conditions.) Assessing the “distance” between the validation 
setting and the use setting is not straightforward, especially for 
complex models with dozens of parameters and a broad range 
of conditions. Pathmanathan et al. developed an applicability 
analysis framework to systematically identify the relevant dif-
ferences between the two settings and qualitatively assess the 
relevance of the validation evidence.27

Once a model has been deemed credible for the COU, it 
is contingent upon the analyst to employ the simulation best 
practices established during the validation process for the 
problem at hand (e.g., mesh convergence, quantification of 
model input uncertainties) when making predictions with the 
model in the COU. Additionally, the model use should not 
deviate from the COU that motivated the credibility activities 
without further consideration.

Validation is an iterative process in practice because the 
ability to develop and validate each aspect of a computational 
model evolves throughout the validation process. The V&V 40 
standard provides options for revisiting various aspects of the 
validation process in situations where the model is deemed not 
sufficiently credible for the COU. Examples include revisiting 
the gradation levels for each credibility factor to identify addi-
tional credibility activities that could elevate model credibility, 
changing the form of the computational model to better match 

Figure 6. Hemolysis results for COU2 at the three validation points and the two prediction points, as marked by the asterisk. As outlined 
in Figure 2B, the CFD results for pump conditions 4 and 5 are model predictions. The dashed line represents the RH of 1, which is based on 
a comparison to an approved pump with adequate performance. Please note that the experimental and CFD data presented here are hypo-
thetical and used only to demonstrate the credibility assessment process. 
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the physical responses of the comparator, modifying the COU 
to limit the reliance on the computational model, or reducing 
the influence of the model on the decision-making, which will 
inherently lower the model risk and thus the credibility goals. 
The user has the option to use one or a combination of these to 
develop a model with sufficient credibility.

In conclusion, the V&V 40 standard provides a framework 
for establishing the credibility requirements of a computational 
model based on risk. It also provides the user with a means to jus-
tify “how much” rigor is required, while the other ASME standards 
and V&V references provide information on “how to” conduct 
various V&V processes. These documents, along with the FDA 
guidance on reporting computational modeling studies, provide 
formal support for the use of computational modeling as scien-
tific evidence in regulatory applications. Future work includes the 
development of other examples, including an effort by the FDA 
and a team of industry partners who are generating “regulatory-
grade” evidence to support the initiation of a clinical study for a 
cardiovascular implant with computational equivalents of bench 
tests.28 The computational evidence will undergo independent 
FDA review in a mock regulatory submission. Upon completion, 
the results from the effort will be made publicly available.
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