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Abstract

Purpose Computational modeling holds promise in predicting patient-specific outcomes and guiding clinical decision-mak-
ing. The patient-specific model forming the basis of a digital twin can be considered biomedical software, thereby neces-
sitating trust in its predictive accuracy.

Methods This study applies the ASME V&V40 framework to demonstrate the credibility of patient-specific models of aneu-
rysmal thoracic ascending aorta (ATAA) biomechanics. A comprehensive verification, validation, and uncertainty quantifica-
tion process was performed to evaluate the accuracy of the patient-specific ATAA model.

Results After implementing the ASME V&V40 standard, the verification errors on the model inputs (i.e., material param-
eters and hemodynamic variables) resulted in relative errors (RE)<1%. Validation and its uncertainty quantification of the
output aneurysm diameter response showed area metric errors below 5% in the majority of cases, highlighting the accuracy
of the patient-specific ATAA model against the clinical comparator. Uncertainties in wall stress predictions due to model
inputs were also quantified by probability density functions. Sensitivity analysis revealed that the unknown value of aneu-
rysm wall thickness drives the model output at the highest extent.

Conclusions These findings contribute to a standardized methodology for evaluating the credibility of patient-specific mod-
els, enhancing their utility in computer-based clinical decision support systems for managing patients with ATAAs.

Keywords Uncertainty quantification and validation - ASME VV40; aneurysm of ascending aorta - Finite-element
analysis - Computational fluid dynamics

Introduction

Computational modeling for biomedical products has
gained significant attention as a viable alternative to replace
and reduce in-vivo experimentation and bench tests. While
there is evidence of modeling and simulation being utilized
in various applications for obtaining market approval of
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medical devices, the widespread adoption of computational
modeling as a standard tool is still being evaluated [1]. This
evaluation extends not only to the regulatory framework
governing medical devices but also to predictive patient-
specific models, whether used independently or as part of
medical device evaluation. Patient-specific modeling forms
the cornerstone for digital twins, which serve as clinical
decision-support systems for physicians to interpret and
treat each individual patient. From a regulatory standpoint,
these digital twins are classified as software as a medical
device and must undergo certification for their predictive
accuracy. This process is known as model credibility to
quantify the in-silico methodology through evidence. Cred-
ibility for a computational model is not solely defined by
its ability to replicate reality within predefined tolerances
[2] but also takes into account the associated risks with the
model outcome and its impact on decision-making [3].
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The credibility of a computational model is established
through a process of verification, validation, and uncertainty
quantification, which aims to demonstrate its accuracy and
reliability. An applicability assessment, including model
risk and the rigor of output comparison, is also part of the
credibility assessment. Verification involves determining
whether a computational model accurately represents the
underlying mathematical model and its solution. Validation
assesses the extent to which the model accurately repre-
sents corresponding physical experiments or in-vivo data,
considering the intended uses of the model. Uncertainty
quantification involves characterizing uncertainties in the
model and its inputs, considering population variability, and
establishing the impact of inputs parameter variations in
model outputs. Finally, model risk encompasses the poten-
tial for the computer model to produce incorrect results,
leading to undesirable outcomes in subsequent decisions.
Recently, FDA guidelines [1] have proposed a generalized
framework for assessing model credibility, primarily based
on the American Society of Mechanical Engineers (ASME)
V&V40 “Verification and Validation in Computational
Modeling of Medical Devices” [3]. No standard is currently
available for credibility assessment in the EU regulatory
system. The use of ASME V&V40 has also been observed
in computational modeling for drug development [4], dem-
onstrating the flexibility of this technical standard across
various fields.

This study focuses on applying the ASME V& V40 frame-
work to assess the credibility of computational modeling,
specifically targeting a patient-specific model of the struc-
tural biomechanics of the aneurysmal thoracic ascending
aorta (ATAA). Patient-specific ATAA modeling was chosen
as a case study because of its potential to predict wall stress
for prognostic purposes, contrasting with the limited pre-
dictive capability of aortic size criteria [5]. Although wall
stress analysis in ATAAs was investigated for predicting the
rupture risk in bicuspid and tricuspid patients [6, 7], this
manuscript primarily addresses the credibility assessment of
patient-specific modeling.

Methods

The overall study design involved (i) constructing finite-
element models based on patient-specific CTA imaging and
biomechanical inputs, (ii) verifying the model accuracy
through discretization and numerical solver analysis, (iii)
validating model predictions of aneurysm diameter against
clinical measurements by probabilistic assessment, and (iv)
quantifying uncertainty in both diameter and wall stress
predictions via surrogate modeling and quasi-Monte Carlo
simulations.
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Standard Description and Application

The ASME V&V40 framework was utilized to establish the
credibility of the patient-specific ATAA model [3]. The pro-
cess initiates with defining the Question of Interest (Qol).
Subsequently, the Context of Use (CoU) and associated
model risk assessment were delineated to guide the estab-
lishment and specification of credibility goals and the rigor
of the assessment.

The Qol is formulated as follows: “Can the patient-
specific ATAA model replicate the function of the aneurys-
mal aorta during cardiac beating?” From a biomechanical
standpoint, the severity of ATAA relies on factors such as
weakened material tissue, heart rate, blood pressure, and
structural loading.

For the CoU, considering the significant variability in
patient demographics, physiological conditions, and mate-
rial tissue properties, the use of patient-specific modeling
to simulate physiopathology facilitates the prediction of the
aneurysm diameter.

Model risk encompasses the potential for the computer
model to produce an incorrect result (i.e., the model’s influ-
ence) and for a subsequent decision based on the model to
lead to an undesirable outcome (i.e., the model’s conse-
quence). Regarding model influence, the simulation output
from the computational model significantly influences the
decision-making process, thus necessitating a high level of
rigor. As for model consequence, even though the model is
not directly used to inform decisions regarding a medical
device, which could potentially lead to severe patient injury,
we deemed it necessary to maintain a high level of cred-
ibility. Hence, a severity level of 5 for model credibility was
chosen in the development and validation of the patient-
specific ATAA model, following the 5-level risk matrix out-
lined in ASME V&V40.

The so-established severity level served not only to
quantify the rigor of the necessary verification but also the
validation and uncertainty quantification. Regarding output
comparison rigor, a severity level of 5 indicates that com-
parisons, along with uncertainty estimates, between the
comparator (i.e., the medical imaging) and the computa-
tional model are based on differences of <5%.

Patient-Specific ATAA Model

The finite-element model of the aneurysmal aorta was con-
structed starting from segmentation performed using the
medical imaging software Mimics (v21, Materialise, BE)
[8]. Semi-automatic thresholding of the diastolic phase of
electrocardiogram-gated computed tomography angiogra-
phy (CTA) images was utilized to obtain the lumen of the
aneurysmal aorta (ethical approval IRRB/04/04). While a
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comprehensive credibility assessment should include quan-
tification of thresholding uncertainties, the fidelity of the
reconstruction process was not investigated in this study.

Following segmentation, unstructured finite-element
grids were generated using ICEM meshing software (v2021,
Ansys Inc, PA, USA) [9]. The biomechanical response of
the ATAA wall was modeled using a 2nd order form of
Ogden’s constitutive relationship, with material param-
eters extrapolated from biaxial data reported by Azadani et
al. [10]. Though the aorta has an anisotropic behavior, the
stress-strain curve reported by Azadani and collaborators
shows a slight loss of mechanical directional dependency
due to histopathological changes as seen in other ex-vivo
studies of the aneurysmal aorta [11, 12]. Thus, the stress-
strain curves (n=20) reported by Azadani et al. [10] were
fitted for both the circumferential and longitudinal direc-
tions of each patient tissue using the fitting tool Hyperfit
(v2.1, Czech Science Foundation). This allowed to extract
a representative range of Ogden’s material parameters suit-
able for modeling aneurysmal tissue behavior. To guarantee
the stability of simulations, the combinations of material
parameters from the fitting output leading to invalid mate-
rial response (pul+p2>0, plal>0 and p2a2>0) were
excluded. Material thickness was considered to be uniform
throughout the aorta, despite variations in the sinuses and
circumferential vessel direction. Modeling the variations of
material thickness and associated uncertainty was deemed
difficult in the current study.

Simulations were performed using the finite-element
solver Abaqus (v2023hf2, Dassault Systemes, FR) with
a quasi-static mechanics formulation and explicit solver.
The ATAA wall was subjected to a physiological pressure
waveform, as previously described [13]. Specifically, sys-
tolic and diastolic values of the pressure waveform were
scaled according to the investigated blood pressure bounds
(refer to Table 1). The heartbeat was used to scale the dura-
tion of the pressure waveform and set the simulation time.
The assumption of uniform pressure distribution over the

Table 1 Nominal values as well as lower (LB) and upper (UB) bounds
of each model inputs. All parameters were considered as epistemic
variables

nominal LB (-2s) UB (+2s)

mul (MPa) 5.0 -0.01 20

al (-) 7.3 -29.4 45.1
mu2 (MPa) -0.4 -2.9 0.10

a2 (-) 18.8 -98.8 14.6

s (mm) 2.0 1.2 2.9

HR (bpm) 70.0 51.0 100.0
Psys (mmHg) 120.0 95.0 180.0
Pdias (mmHg) 80.0 60.0 101.0

V (m/s) 1.3 0.8 4.0

Note: s=thickness; HR=heart rate; Psys=systolic pressure;
Pdias=diastolic pressure; v=transaortic flow velocity

whole aorta is a restriction since pressure pulse propaga-
tion and spatial variation might influence aneurysm propa-
gation. However, predicting the uncertainty of non-uniform
pressure distribution in the aorta wall may be regarded as
challenging. Prior to the simulation of the cardiac cycle,
the zero-pressure configuration of each ATAA was obtained
using the approach developed by Krishnan et al. [14] for the
aneurysmal aorta. In brief, the ATAA wall was assumed to
have a supra-physiological stiffness and was loaded at a dia-
stolic pressure of 80 mmHg. This condition aimed to gener-
ate a stress distribution on the loaded vessel without causing
geometry deformation. Then, the supra-physiological stiff
material model was replaced by the true material proper-
ties and deflated from diastolic pressure to 0 mmHg, thereby
determining the zero-pressure unloaded geometry. The sim-
ulation time to obtain the zero-pressure configuration was
one second, with the timesteps automatically chosen by the
numerical solver in Abaqus/Explicit. For boundary condi-
tions, the distal ends of the descending aorta and supra-
aortic vessels were fixed in the longitudinal vessel direction
using cylindrical coordinate systems. The aortic annulus
was protruded 2-fold the annulus diameter, and then both
downward stretch and twist were applied at the proximal
end of the extrusion to account for heart-induced motion of
the aneurysmal aorta. For each patient, systolic CTA images
were utilized to compute the stretch and twist with respect
to the diastolic vessel configuration. Specifically, longitudi-
nal displacement of the aortic annulus between systole and
diastole was calculated to estimate axial stretch. The twist-
ing motion was quantified by measuring the angular change
of the sinus of Valsalva between the two phases, utilizing the
sinus bulge as a reference landmark. Viscous pressure was
incorporated to enhance numerical stability and dampen
out low-frequency dynamic effects of the explicit formula-
tion. Similarly, Rayleigh damping was employed to account
for the effect of explicit formulation, resulting in numeri-
cal damping in the form of bulk viscosity. The cardiac beat
simulation involved initially pressurizing the zero-pressure
configuration to diastolic pressure using a linear ramp, fol-
lowed by the simulation of two cardiac cycles. Simulations
were performed on a server with two AMD EPYC 75F3
processors, enabling the simultaneous execution of two
jobs, each utilizing 30 CPUs. The mean simulation duration
was 0.52+0.25 h, with variations attributed to discrepancies
in mesh size, material parameters, or boundary conditions
among models.

Verification
Verification aimed to quantify computational errors aris-

ing from the numerical representation of ATAA physiopa-
thology. Verification activities were performed to address
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discretization error (DE), numerical solver error (NSE), and
numerical code verification (NCV). These errors must be
kept negligible to ensure they do not compromise the qual-
ity and rigor of the validation and uncertainty quantification
processes. A relative error (RE)<1%, which was computed
as the normalized difference between reference and test val-
ues, was adopted as the verification criterium for all error
sources. A list of bugs and errors known to be present in
the computational code was reviewed and assessed as part
of software quality assurance. Errors associated with user
input were not included in the analysis.

For DE, mesh refinement and element formulation were
explored to estimate discretization estimates. Three mesh
sizes were tested (0.8 mm, 0.6 mm, 0.4 mm), and the result-
ing aneurysm diameter at peak systole was used as the
output quantity. For NSE, solver settings such as damping
coefficients, mass scaling, and viscous pressure were varied
individually while keeping the mesh constant. The reference
solution was defined using default solver parameters, and
RE was calculated on the aneurysm diameter. For NCV, a
representative benchmark problem was identified for the
patient-specific ATAA model, and this benchmark was com-
pared against analytical solutions. Specifically, the problem
of a thin-walled cylindrical vessel under internal pressure
was modeled, and the computed circumferential stress was
compared with the analytical value given by LaPlace’s law
( 0 =Per/2et) where P is a reference pressure of
120 mmHg, r is radius of 10 mm) and ¢ is the thickness of
2 mm. The RE between numerical and analytical stress was
computed to assess the model’s ability to accurately solve
the underlying mathematical equations governing vessel
biomechanics.

Validation

Validation aimed to estimate the prediction error and associ-
ated uncertainty of the patient-specific ATAA model. The
definition of model inputs and outputs is fundamental for
validation activities. Model inputs include patient demo-
graphics (i.e., blood pressure and heartrate), material mod-
els, and boundary conditions, while the model output is
represented by the aneurysm diameter. Evaluation of the
model inputs and outputs for the various quantities of inter-
est defined in the Qol must be conducted in comparison to
a comparator.

ATAA Model Input

The model inputs considered for sensitivity analysis
included constitutive material parameters, aortic tissue
thickness, heart rate, systolic pressure, diastolic pressure,
and flow velocity across the aortic valve. After assuming

@ Springer

these quantities as epistemic uncertainties, we computed the
nominal values along with the lower and upper bounds for
each model input (refer to Table 1).

The bounds for Ogden material parameters were deter-
mined through the fitting of the biaxial stress-strain response
of the aneurysmal aorta, as described in Sect. 2.1. Con-
versely, the bounds for blood pressure and heart rate were
extrapolated from a large clinical database developed in our
hospital institution [15]. Tissue thickness of the aneurysmal
aorta was derived from ex-vivo data reported previously by
our group [16, 17].

Comparator

As a comparator, computed tomography angiography
(CTA) was employed to quantify the aneurysm diameter at
peak systole. Aortic diameter was chosen as the validation
output because of its clinical significance and recognized
relevance in guiding surgical decision-making for patients
with ATAAs. Understanding the range of characteristics of
the sample is essential to define the applicability and valid-
ity of the proposed patient-specific ATAA model. In this
study, a test sample of six patients with ATAAs, comprising
three with bicuspid (BAV) and three with tricuspid aortic
(TAV) valves, was considered. The range of characteristics
of the test sample included patient age (34—82 years), cuff
systolic pressure (110-152 mmHg), cuff diastolic pressure
(68—80 mmHg), heart rate (63—75 bpm), and flow velocity
across the aortic valve (1.1-2.1 m/s). A one-to-one com-
parison of the aneurysm diameter versus the CTA diam-
eter measurement was performed as the measurement of
the test sample. Given the resolution of the CTA scanner at
0.488 x 0.488 x 0.625 mm, an uncertainty up to 0.625 mm on
the clinically-measured aneurysm diameter was accounted
for the validation assessment. Three measurements of the
aortic diameter were carried out by the same operator.

Quasi-Monte Carlo and Surrogate Modeling

The validation assessment concludes with the quantifica-
tion of uncertainties in model outputs distribution resulting
from the uncertainties of the model inputs. It was possible
to carry out a sensitivity analysis to assess how uncertainty
in outputs can be divided and allocated to different sources
of uncertainty which takes into consideration the probabil-
ity distribution functions (PDFs) of the input parameters.
Validation relied on the initial development and subsequent
use of a surrogate model for model response evaluation in
uncertainty quantification, due to the high computational
cost associated with quasi-Monte Carlo analysis. The use
of surrogate modeling was also motivated not only by com-
putational cost, but also by the necessity to execute efficient
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and robust uncertainty quantification across a multidimen-
sional input space. Evaluating high-fidelity finite-element
simulations for each input sample in a quasi-Monte Carlo
setup would be computationally prohibitively expensive,
especially when modeling several patient-specific anato-
mies with nonlinear material behavior.

The surrogate model was developed using Latin hyper-
cube sampling to generate a finite-element simulation
plan comprising 9 x7 random combinations of input vari-
ables (number of input variables x number of samples), as
shown in Table 1. For each patient, 63 FE simulations were
therefore performed to develop the surrogate model. Once
trained and validated, the surrogate model was used to gen-
erate 10,000 predictions as part of the quasi-Monte Carlo
approach. Representative interactions among input param-
eters are shown in Fig. 1.

After each finite-element simulation, the aneurysm
diameter at peak systole was extrapolated using a Python
script. This involved initially computing the circumference
described by three points at the mid-height of the ATAAs
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and then determining the circumference diameter. The surro-
gate model was constructed using Gaussian process regres-
sion with leave-one-out cross-validation to approximate the
response of the original finite-element model at a relatively
low computational cost. In the leave-one-out cross-valida-
tion, each of the 63 simulations was excluded once from the
training set and its corresponding output predicted by the
surrogate built from the remaining 62 simulations. The pre-
diction error was then calculated for each of these left-out
points to determine surrogate model performance.

Sobol sequences were generated for quasi-Monte Carlo
simulation to sample the input space, with the samples
scaled to fit specified input variable ranges. The surrogate
model replaced the original finite-element simulations to
generate deterministic data points for the Sobol approach.
Sensitivity analysis was performed using Pareto plots to
identify which input parameter variations most contribute
to the uncertainty in model outputs. The total effect indices
(TEIs) was used to express the percentage influence of each
input parameter on the total output variance of Pareto plots.
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Fig. 1 Latin hypercube sampling of model inputs showing interaction of (A) the tissue thickness versus 1st shear modulus; (B) four material
descriptors; (C) 2nd shear modulus versus heart rate; (D) heart rate with diastolic and systolic pressure
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For validation assessment, the cumulative density function
(CDF) of the surrogate-derived aneurysm diameter was
computed. Similarly, the CDF was also determined for the
comparator, assuming a normal distribution of the aneurysm
diameter measurement with specified mean and standard
deviation (i.e., the patient aortic diameter and the uncer-
tainty given by the scanner accuracy). The area under the
model and comparator CDFs was calculated (namely, the
area metric), and the percentage difference between them
was determined to assess the model’s accuracy.

Uncertainty on Wall Stress

An additional quasi-Monte Carlo investigation was carried
out to explore the sensitivity and uncertainties of the stress
distribution in the patient-specific ATAA model due to vari-
ance in model inputs (e.g., material parameters). For each
patient, a new surrogate model was trained using input sim-
ulation data to predict the maximum principal stress at the
mid-height of the aneurysmal aorta. Subsequently, Pareto
plots and probability density plots were assessed from the
quasi-Monte Carlo analysis to evaluate the sensitivity and
uncertainties associated with the wall stress predictions.

(A) (B)

87.7%

mu1=16.5 MPa; a1=-27.2
mu2=-0.13MPa; a2=-64.4

(D) (E)

93.8%

mu1=12.5 MPa; a1=-17.5
mu2=-17.4 MPa; a2=-9.6

mu1=5.4 MPa; a1=37.6
mu2=-2.4 MPa; a2=-4.3

mu1=15.7 MPa; a1=-24.5
mu2=-2.3 MPa; a2=-23.9

Results
Verification Analysis

To determine the level of agreement between numerically
predicted and medical imaging data, systolic CTA scans
were segmented at peak systole and compared to numeri-
cal predictions established at various model input values.
To assess shape consistency, the intersection over union
(IoU) was employed to determine how well the predicted
ATAA shapes overlap with the true CTA-related shapes at
systole. Figure 2 depicts a visual examination of agreement
between numerically-predicted and actual CTA-related
ATAA shapes. The analysis demonstrated a good agree-
ment between computationally-predicted and actual ATAA
shapes (IoU in the range of 82%-93%), with differences
mostly detected in the region of high curvature or the supra-
aortic vessel.

Verification analysis of the patient-specific ATAA model
resulted in negligible errors in the structural simulation
development (Table 2). The element size and solver settings
that yielded a RE<1% for both DE and NSE were retained
for subsequent validation and uncertainty quantifications.

(C)
83.8% ﬁ 86.4%

mu1=7.6 MPa; a1=-22.6
mu2=-22.6 MPa; a2=-6.6

(F)
88.5% 82.4%

mu1=16.5 MPa; a1=-2.8
mu2=-2.3 MPa; a2=-23.7

Fig.2 Comparison between numerical predictions (grey color) and actual CTA-related (red color) shapes of ATAAs at peak systole for all patient
models (A-F); the IoU is shown in percentage, and the material parameters are also shown
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Table 2 Verification activities performed for the model ATAA #1
showing RE for DE, NSE and NCV

Structural Simulation RE (%)

Discretization Error Size (mm)

S3-0.8 0.8 5.7

S3-0.6 0.6 0.9

S3-0.4 0.4 /

S3R-0.6 0.6 1.2

Numerical Solver Error Value (1/s)

damping 50 50 0.2

damping 100 100 0.4

damping 200 200 0.8
Value (-)

mass scaling 1.0e-5 1.0e-5 0.8

mass scaling 1.0e-6 1.0e-6 1.3

mass scaling 1.0e-7 1.0e-7 15.5
Value (MPa)

viscous pressure 2.0e-5 2.0e-5 0.8

viscous pressure 2.0e-6 2.0e-6 0.7

Numerical Code Verification Value (kPa)

LaPlace’s law 31.6 0.6

Thus, the element size of 0.6 mm was adopted for all uncer-
tainty and validation activities, with the aortic wall hav-
ing damping factor of 50 and viscous pressure of 2.0e-5.
Similarly, the optimal mass scaling was 1.0e-5. The use
of viscous pressure and Rayleigh damping with compared
to simulation without these parameters proved helpful in
reaching numerical convergence in simulation situations
with high heart rate while without altering the simulation
result. Regarding solver setting For NCV, the benchmark
problem of a thin hollow cylinder under uniform pres-
sure and small deformation was employed. The numerical
analysis of the cylindrical vessel utilized mesh size and
solver settings resulting from the DE and NCV analyses,

(A)
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Fig.3 (A) correlation between the surrogate model response and actual
finite-element predictions of aneurysm diameter for model ATAA #1;
(B) plot of surrogate predictions and actual numerical simulations

respectively. The model was subjected to an arbitrary pres-
sure load of 120 mmHg, and the resulting circumferential
stress was used as the output parameter. Upon solution, a
RE of 0.6% was observed between the benchmark model
and the analytical solution derived from the LaPlace law.

Surrogate Modeling Performance

Out of the 63 finite-element simulations planned in the Latin
hypercube sampling, only a small fraction of simulations
failed due to unrealistic combinations of material parame-
ters and pressure loads. Figure 3A illustrates the comparison
between predictions made by the surrogate model and actual
simulation values for one representative patient-specific
ATAA model. The response of the trained surrogate model
demonstrated great predictive capability in estimating the
aneurysm diameter, as evidenced by low leave-one-out
root mean squared error (LOO RMSE) and high correlation
coefficients observed across all patients (see Table 3).

In Fig. 3B, the plot of surrogate predictions and actual
numerical simulations across the entire dataset is presented.
Mean relative error (MRE) was utilized to quantify the aver-
age relative differences between surrogate and simulation-
related values. The accuracy of predicted ATAA diameter
was high, with MREs<0.2% observed for all patient-spe-
cific ATAA models. This is probably attributable to the sur-
rogate model’s capacity to capture the non-linear response
of the aortic wall, combined with the relatively limited ana-
tomical variability of the included ATAA models and the
simplicity of the physical problem addressed.
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Table 3 Clinical parameters and surrogate model response across ATAAs in case of both aneurysm prediction and wall stress predictions against

actual finite-element results

ATAA Diameter Max Princ Stress

D Valve Age LOO R? MRE LOO R? MRE

(mm) ) (yrs) RMSE (%) (%) RMSE (%) (%)
ATAA #1 47.2 TAV 57 0.076 0.98 0.1 0.022 0.99 9.2
ATAA #2 46.6 BAV 34 0.090 0.98 0.1 0.008 0.99 3.6
ATAA #3 54.6 BAV 53 0.102 0.99 0.1 0.004 0.99 1.2
ATAA #4 43.8 TAV 68 0.048 0.99 0.2 0.031 0.98 7.2
ATAA #5 47.7 BAV 61 0.059 0.99 0.1 0.011 0.99 2.6
ATAA #6 42.0 TAV 82 0.077 0.99 0.2 0.019 0.99 4.6

Note: D=ATAA diameter; LOO RMSE=leave-on-out root mean square error; R=correlation coefficient; MRE=mean relative error

Sensitivity Analysis

Figure 4 displays the Pareto plots of input model parameters
on the diameter output uncertainties. Blue and red Pareto
bars indicate whether the input variable is positively or
negatively associated with the output variable, respectively.
Sensitivity analysis revealed that the thickness of the ATAA
wall is the most influential input parameter on the diameter
output, with percentage effects ranging from 27.3 to 48.9%.
The second most influential input parameter was the 2nd
shear modulus (mu2), representing the stiffness of the mate-
rial response, which emerged as the more significant among
material descriptors. In contrast, patient-specific ATAA
modeling showed lower sensitivity to changes in diastolic
pressure, heart rate, and the Ogden’s parameter associated
with material non-linearity (alphal). Large changes in these
parameters resulted in marginal effects, with percentages
lower than 2.1% observed for all ATAA models. The vari-
ability in the influence of diastolic pressure across patients
may be due to inter-subject differences in anatomical or
biomechanical characteristics; however, the current sample
size is insufficient to draw broad conclusions.

Validation Analysis

Figure 5 illustrates the cumulative density function (CDF)
curves for both computational models and CTA-related
measurements to assess the accuracy for model validation.
A general trend was observed, with numerical simulations
tending to underestimate the aneurysm diameter in four
out of six patients and thus the biomechanical response of
the vessel. This is evidenced by a leftward shift of model
CDFs compared to those of the CTA-based comparator.
For the BAV ATAA with aortic size of 46.6 mm (Fig. 5B),
the variability of the predicted aneurysm diameter did not
overlap with the CTA-related measurement and its uncer-
tainty. Conversely, for the patient with TAV ATAA and size
of 54.6 mm (Fig. 5C), the probability of having an aneurysm
size<54.6 mm was 94% for the investigated input model
variance. Most importantly, the area metric, serving as a
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quantitative parameter of the difference among the CDFs,
was below the targeted 5% of established rigor of assess-
ment for all patients except for the two BAV ATAAs.

Uncertainty of Aneurysm Wall Stress

Once the validation assessment with uncertainty quanti-
fication was completed, the variance of resulting in-plane
stress distribution on the patient-specific ATAA models
was explored using probability density function (PDF) and
Pareto plots for both TAV (Fig. 6) and BAV patients (Fig. 7).
For each patient, the map of maximum principal stress is
shown for the set of model inputs that provided a simulation
aneurysm diameter closest to that observed in CTA images at
systole. The PDF for each ATAA illustrates the uncertainty
of the wall stress due to changes in material parameters and
pressure loading conditions. The likelihood of wall stress of
~0.2 MPa is highest among patients. Moreover, stress max-
ima are primarily sensitive to peak systolic pressure and tis-
sue thickness, with percentage effects ranging from 31.5 to
47.2% and 27.4-53.5%, respectively. Pareto plot color bars
indicate that an increase in systolic pressure and a decrease
in thickness can increase the resulting maximum principal
stress. Table 2 presents the accuracy of the trained surrogate
models in terms of LOO RMSE and MRE for predicting the
uncertainty in aneurysm stress. It is worth noting that MREs
between surrogate- and simulation-related stress values
were less than 10% for all patient-specific ATAA models.

A detailed explanation for the grades assigned to each
credibility activity is given for the verification and valida-
tion with its applicability to the COU (see supplementary
material).

Discussion

This study performed a rigorous credibility assessment of
a computer model simulating the biomechanical behavior
of the aneurysmal ascending aorta. The specific concern
addressed by the patient-specific ATAA model was the
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quantification of aneurysm size (i.e., the Qol), followed by
the definition of the role and scope of the model in rela-
tion to in-vivo CTA data (i.e., the CoU). Model influence
was defined as the contribution of constitutive material
parameters, aneurysm thickness, heart rate, and pressure
loading on the model output diameter. Once the model risk
requirements were established, the credibility assessment
was completed through verification, validation, and uncer-
tainty quantification, as dictated by ASME V&V40. Com-
parison and uncertainty estimates with differences<5%
(i.e., severity level of 5) were achieved in four out of six
ATAA models, indicating that patient variability may influ-
ence the quality of the credibility assessment. The uncer-
tainty intrinsically presented in the unknown value of wall

thickness assignment influenced the aneurysm size response
to the highest extent. Findings suggested that the proposed
patient-specific ATAA model has sufficient credibility to
serve as a foundation for decision-making in alignment with
regulatory guidelines for biomedical products.

Evaluating the accuracy of in-silico models is crucial for
establishing the model’s reliability within a defined CoU.
Several studies in various bioengineering fields, such as
thrombectomy [18], thoracic endovascular repair [19], car-
diac electrophysiology [20], left ventricle blood flow after
LVAD [21], hemolysis [22], and femur fracture [23], have
carried out reliability analyses of numerical models. To the
best of our knowledge, this is the first study to focus on the
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credibility assessment of patient-specific ATAA modeling
following a framework based on ASME V&V40.

Current clinical decision-making regarding the aneurys-
mal aorta’s risk stratification of adverse events still primar-
ily relies on measuring the maximum aneurysm diameter
through diagnostic imaging [24]. However, over the last
decade, computational modeling and simulation have
demonstrated the significance of stress-based risk assess-
ment for aneurysm failure [7, 25]. Viewing the aorta as a
material, the likelihood of rupture or dissection arises from
an imbalance between aneurysm stress and strength. This
concept has been incorporated into two commercial soft-
ware packages, VITAA and Vascopos, which offer a rupture
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potential index specifically-designed for abdominal aortic
aneurysm failure. Before adopting a computational model
for regulatory purposes, it is required to demonstrate the
credibility of its predictions with evidence. Our goal was to
practically apply the ASME V&V40 standard to perform a
technical validation of the proposed computational model
for patients with ATAAs. The assessment was successfully
accomplished, as patient-specific ATAA models demon-
strated a high level of accuracy against the comparator, with
values of the area metric lower than the 5% criterion for
rigor of assessment in four out of six patients. The fact that
two patient-specific ATAA models had an area metric above
the 5% acceptance criterion is likely due to our implicit
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assumption that all model inputs are affected solely by
uncertainty due to measurement errors. In patient-specific
modeling validation, it is crucial to recognize that model
inputs are influenced not only by the individual phenotype
but also by the broader patient population. Therefore, uncer-
tainty should encompass inter-subject variability. Indeed,
the ASME V& V40 standard does not explicitly address how
to accommodate the unique characteristics of patient-spe-
cific modeling or integrate them into subsequent steps of the
standard application. Apart from our current study, another
significant exploration of ASME V&V40 with a focus on
patient-specific model credibility is the research conducted
by Galappaththige and colleagues [26] concerning patient-
specific cardiac electrophysiological modeling. They high-
lighted that the accuracy of validation, and consequently the
model’s accuracy concerning the Qol and CoU, is heavily
dependent on the chosen validation approach.

Sensitivity analysis has provided valuable insights into
the technical implementation of the computational mod-
eling. Ensuring the accurate value of the thickness of the
aneurysm wall is essential for the proper development of
patient-specific ATAA models. This parameter holds para-
mount importance, as direct quantification from routine
clinical imaging is not possible. Analysis of the total Sobol
index highlights that tissue thickness ranks highest among
the model inputs across the ATAA models. The chosen
thickness significantly influences the diameter response,
accounting for approximately 50% of the variation, which
is more impactful than the selection of material parameters.
In contrast, hemodynamic parameters were found to have
less influence on assessing the biomechanical response of
the aneurysmal aorta.

Validation involved comparing the predicted aneurysm
diameter to the actual imaging diameter and its associated
uncertainties. This method transitioned deterministic simu-
lation output into a non-deterministic value, defined by the
probability of observing a desired ATAA diameter. The
adoption of ATA A diameter as the output parameter was evi-
dent, as there is currently no methodology to quantify wall
stress in-vivo. Once the patient-specific ATAA model was
validated, uncertainty quantification on wall stress revealed
that variability in both aneurysm thickness and systolic
pressure are the most critical factors influencing wall stress
variability. A peak systolic ATAA wall stress of ~0.2 MPa is
most probable, yet a considerable range of variability exists
due to uncertain model inputs (ranging from 0.05 MPa to
0.4 MPa across all ATAA models). These findings are per-
tinent for designing new computational strategies to reduce
uncertainty in wall stress predictions. While many research
groups have focused on developing constitutive models [27]
or calibrating material parameters [28], our findings suggest
that more attention should be given to modeling structure of

aortic wall thickness along the aneurysmal aorta. Ex-vivo
biaxial material testing has shown variations in material
properties with the thinner structure of the Sinus of Valsalva
compared to the ascending aneurysmal aorta [29]. Surpris-
ingly, none of the computational studies in the literature
have modeled the ATAA as a variable wall.

This credibility assessment should be confined to the pro-
posed implementation of the patient-specific ATAA model.
A change from shell to solid aneurysm wall, the utilize of
anisotropic material properties or the utilize of MRI as com-
parator implies a re-assessment of the credibility investiga-
tion. For the sake of simplicity, validation was performed
on the same group of patient used for model development.
However, validation should be performed ex-novo as part
of the validation process performing a prospective inves-
tigation or retrospective analysis on new patient-specific
models. It is also important to note that the clinical diam-
eter measurements were performed by a single operator; the
potential inter- and intra-observer variability was not quan-
tified, which may have led to an underestimation of the total
measurement uncertainty included in the comparator CDFs.
The reader should consider that there may be a certain
degree of interpretation or judgement of ASME V&V40
framework. For instance, the agreement of output compari-
son should be the predominant factor when compared to the
credibility level, but the ASME V&V40 does not specify
this aspect. Another question concerns the choice of an
appropriate validation metric. The RE parameter with prob-
ability is only applicable in situations where there are clini-
cal results and simulation results per sample. The advantage
of the area metric is that different degrees of variance in the
clinical and numerical results could be detected while the
mean value remains identical. However, if the clinical and
simulation do not intersect each other, then the area met-
ric becomes insensitive to differences in variance. Another
minor issue was related to the assessment of the output prop-
erty in ASME V&V-40. While the test samples and test con-
ditions need to be assessed with several credibility factors
including measurements and measurement uncertainty, the
actual system output used for comparison as part of the vali-
dation is not specifically assessed. The ASME V&V40 does
not specify if output is also a test condition or not. While the
ASME V&V40 framework defines patient-specific models
as medical device software, the standard does not specify
how to address variability in the validation activities across
patients. The present findings are limited by the small cohort
size, and broader generalization will require validation on a
larger patient sample.
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Conclusions

We conclude that this study demonstrated the strength of the
ASME V&V40 framework for assessing the computational
modeling credibility of patient-specific ATAA models.
Through rigorous verification, validation and uncertainty
quantification process, we demonstrated the accuracy of
our model with errors below 5% versus the comparator in
the majority of cases. Our findings highlighted the impor-
tance of considering uncertainty in wall stress predictions
and emphasized the impact of aneurysm thickness on stress
variability or aneurysm size. This research contributes sig-
nificantly to the field by providing a practical example for
evaluating the credibility of patient-specific models, thus
enhancing the potential of computer-based clinical decision
support systems in managing patients with ATAAs.
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