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Executive summary

This deliverable demonstrates how the sensitivity analyses described in D7.4 - Sensitivity and uncertainty
quantification toolbox (TUE, M15) can be used to re-define the input space. Three possible objectives regarding
input space re-definition are considered: 1) reducing the number of parameters that span the input space (i.e.,
dimensionality reduction by parameter fixing) to facilitate amongst other physiological model development and
future model output uncertainty quantification; 2) reducing the input uncertainty domains of the model
parameters, boundary conditions and/or model assumptions that will lead to the most significant reduction in
model output uncertainty (parameter prioritisation); 3) defining the regions of the input space that result in
parameter sets that lead to physiologically realistic realisations of the virtual cohort generator.

This deliverable starts with a summary of the most important definitions and background of the uncertainty and
sensitivity analyses discussed in D7.4. Thereafter, we will show how these sensitivity analysis techniques are
applied to address the three different objectives above. In this deliverable three models, possible candidates for
virtual cohort generation of the SIMCor use cases (i.e., aortic valve stenosis and heart failure patients), are
selected as typical examples. Finally, the future steps towards virtual cohort generation and validation are
discussed.
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Definitions

In this section we briefly repeat the uncertainty and sensitivity analysis techniques that will be used in
this deliverable for re-definition of the input space. The methods were extensively described in D7.4.
Variance-based sensitivity analysis**: in this method the model output uncertainty due to
uncertainties in model inputs is quantified by the output variance. Subsequently, each fraction of the
total uncertainty in model outputs is attributed to uncertainties of the inputs and/or the interactions
between uncertain inputs (see Figure 1).

The main Sobol sensitivity index represents the contribution of an input on its own to the total output
variance, whereas the total Sobol sensitivity index also considers the interactions in which an input is
involved.

Since the main sensitivity index of a single input can be interpreted as the expected reduction in output
variance when the exact value of the input would have been known, this index can be used to select
the inputs that are most rewarding to assess more accurately (input factor prioritisation). In this way,
these indices can guide the measurement protocol for model personalisation during the phases of
model development and patient-level validation.

The total index of a single input factor can be interpreted as the expected variance that is left if all
other inputs were set to their real (exact) values. In this way, the total index can help in identifying
those inputs that can be fixed within their uncertainty domain (factor fixing).

Model input and their uncertainty Wave propagation model Model output
/A —
& Uncertainty analysis: error propagation
/_\)(3 \ \
Jﬂn \'

Factor fixing: Which parameters can be fixed within their uncertainty range? Sensitivity analysis: fraction of total
Factor prioritisation: Which parameters are the most rewarding to measure more uncertainty apportioned to each
accurately? parameter

Figure 1: Definition of uncertainty and sensitivity analysis. Based on Saltelli et al.%2.

Here we applied the adaptive, generalized polynomial chaos expansion method that was firstly
introduced by Blatman et al. 3 and later applied to cardiovascular problems by Quicken et al.* To
efficiently calculate these indices we have used the implementation of QuGate (https://qugate.nl/).

! Saltelli et al., 2019, https://doi.org/10.1016/j.envsoft.2019.01.012

2 Saltelli et al., 2004, Sensitivity analysis in practice: a guide to assessing scientific models, ISBN 0-470-87093-1
3 Blatman et al., 2010, https://doi.org/10.1016/j.ress.2010.06.015

4 Quicken et al., 2016, https://doi.org/10.1115/1.4034709
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Regionalized sensitivity analysis: this method, also called Monte Carlo filtering, is used to determine
which model assumptions, structures or combination of model inputs are responsible for model
output realisations in specific areas of the output space (i.e., the realisations that are within a region
classified as acceptable according to predefined acceptance criteria) >°®. The schematic in Figure 2
depicts the basic idea of this type of sensitivity analysis.

In the context of SIMCor, this approach will primarily be used during virtual cohort generation for
defining the filter setting, i.e., the criteria to determine whether a virtually created patient is realistic

or not.
filter design \

input space output space

Virtual cohort »
» generator

inputs responsible for model
realizations in (sub)regions of

\ output j

Figure 2: Schematic representation of the regionalized sensitivity analysis that is used to identify selection criteria of the
filter. The filtered samples ultimately result in a re-definition of the virtual cohort input space.

In this deliverable we will analyse the region of the input space that gives output realisations in the
output space of interest, i.e., the distribution of the input samples that are filtered out and considered
realistic.

5 Pianosi et al., 2016, DOI: 10.1016/j.envsoft.2016.02.008
6 Saltelli et al., 2004, Sensitivity analysis in practice: a guide to assessing scientific models, ISBN 0-470-87093-1
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Uncertainty quantification and input space re-definition

In this section we will show that the dimensionality of the input space for a patient-specific model can
be reduced by using the variance-based sensitivity analysis, without significantly affecting the
estimations of the expected value of the model output and its uncertainty (variance). The total indices
can be used to identify the set of parameters (inputs) that can be set to a constant value within their
uncertainty domain, thereby reducing the number of parameters that have an input variation and thus
the dimensionality of the input space. In addition, we will show that fixing the wrong parameter to a
value within the population uncertainty domain, would affect the estimates of the expected value and
the variance.
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Figure 3: The setup of the model used for the uncertainty and sensitivity analysis. The main, left and right pulmonary
arteries are presented in 3D, whereas distal vasculatures are mimicked by Windkessel models.

Study setup

A variance-based sensitivity analysis (and uncertainty analysis) using the agPCE method (see D7.4) is
applied to a 3D CFD model of the main, left and right pulmonary arteries (see Figure 3). The input
impedance of the distal vasculatures at the outlets of the left pulmonary artery (LPA) and the right
pulmonary artery (RPA) were mimicked by three-element Windkessel models. At the inlet of the main
pulmonary artery (MPA) a typical inlet flow waveform was applied by means of a transient plug
velocity profile. The 3D computational domain consisted, after mesh independency analysis, of 1.3
million tetrahedral volumetric mesh elements with an average quality of 0.68. Blood flow was
considered as a laminar, incompressible, and blood was modelled as Newtonian fluid. Dynamic blood
viscosity and blood density were set to 3.5 1073 [Pa-s] and 1065 [kg/m?], respectively. The 3D
transient pressure and velocity fields within the computational domain were calculated by using
COMSOL Multiphysics. These output data are subsequently processed and converted to two scalar
outputs that are examined during the uncertainty and sensitivity analysis in this study, i.e., the mean
time-averages wall shear stress (MTAWSS) and the maximum arterial pressure (Pmax)-
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To quantify the value of the outputs and their corresponding uncertainties, the expected values and
the output variances are estimated. In addition, the main and total sensitivity indices are calculated.
Two different analyses are executed: 1) an initial uncertainty and sensitivity analysis (SA1) and 2) a
second one (SA2) but now with a re-defined input space based on the total sensitivity indices (very
low values indicate that we can fix the respective parameters within their uncertainty domain).

The input space for the uncertainty and sensitivity analysis was spanned by four uncertain inputs:
stroke volume, heart rate, total peripheral resistance, and the total distal arterial compliance. The
input ranges were defined as presented in Table 1.

Input parameter Ranges SA1 Ranges SA2

#1: Heart Rate [bpm)] 50-1207 50-120

#2: Stroke Volume [ml] 50-1008 50-100

#3: Total Resistance [dynes/s/cm®] 50— 250° constant value = 150
#4: Total Compliance [ml/mmHg] 0.75-31° constant value = 1.875

Table 1: Input ranges for the uncertainty and sensitivity analysis (parameter fixing).

Results and discussion

In Figure 4 the results of the uncertainty and sensitivity analysis for MTAWSS are presented. Here it
can be observed that the expected value for the MTAWSS is estimated to be 2.3 Pa, whereas its output
variance is found to be 0.9 [Pa?]. Moreover, the total indices of the total resistance and compliance
are almost zero. Therefore, we decided to firstly fix these two parameters on a constant value within
their uncertainty domain (here the mean value, see Table 1), and secondly to redo the uncertainty
and sensitivity analysis with the reduced input space (i.e., varying only Stroke Volume and Heart Rate).
The results of this second analysis are shown in Figure 5. Both the expected value and the output
variance are almost like the values found earlier, i.e., 2.3 Pa and 0.85 Pa? respectively. In essence, the
re-definition of the input space did not result in different results when fixing the irrelevant parameters,
hereby demonstrating the power of the sensitivity analysis. A reduced input space requires for
example less samples to quantify the uncertainty and/or sensitivity analysis. Moreover, it can be
observed that the relative contributions of the relevant parameters are hardly changed due to the re-
defined of the input space (i.e., fixing irrelevant parameters).

7 Jose et al., 1970, DOI: 10.1093/cvr/4.2.160

8Van Ooijen et al., 2012, DOI: 10.1148/rg.322115058

9 Wehrum et al., 2016, DOI: 10.1186/s12968-016-0252-3
10 Guigui et al., 2020, DOI: 10.21037/jtd.2020.02.20
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Figure 4: The sensitivity indices, the expected value, and the output variance for the first sensitivity analysis with the mean
time averaged WSS as output of interest.
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Figure 5: The sensitivity indices, the expected value, and the output variance for the second sensitivity analysis (and thus a
re-defined input space) with the mean time averaged WSS as output of interest.

In contrary, the expected value and variance of the maximum arterial pressure (31 mmHg and 97
[mmHg?]) are different when performing the uncertainty and sensitivity analysis using the reduced
input space (see Figure 6, Figure 7), where the expected value is 29 mmHg and the variance 66
[mmHg?). This can be explained by the fact that the total compliance did not have a low total sensitivity
index for this output of interest. In fact, this parameter could not be fixed to a constant within its
uncertainty domain. Doing can decrease the accuracy of the expected value (unless it is luckily fixed
on the exact value). The dimensionality, and the parameters that should span the input space, thus
largely depend on the output of interest.
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Figure 6: The sensitivity indices, the expected value, and the output variance for the first sensitivity analysis with the
maximum pressure as output of interest.
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Figure 7: The sensitivity indices, the expected value, and the output variance for the second sensitivity analysis (and thus the
re-defined input space) with the maximum pressure as output of interest.

In this section the sensitivity analysis will be used to identify model parameters that are most
rewarding to measure more accurately. In this case we will use the main sensitivity index. The
parameter that has the largest value for the main index is the parameter that most likely results in the
largest reduction in output uncertainty (variance). Moreover, this parameter will have the largest
effect on the expected value estimations, especially in case of nonlinear, nonmonotone and
nonadditive (interactions) relations between inputs and output.

Study setup

The analysis is here conducted on a hemodynamic model of the pulmonary artery with a pressure
sensor implanted (see Figure 8). For calculation of the patient-specific haemodynamics within the
pulmonary artery, a commercial finite volume solver (STAR-CCM+, Siemens PLM) is used. The patient-

10
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specific geometry of the pulmonary artery, including the main, left and right pulmonary artery as well
as smaller branching vessels is used as domain of interest. Within the domain of interest, the sensor
is implanted via Boolean subtraction from the overall blood pool. As inlet boundary condition, the
transient volume flow rate, which is generated from information on the patient-specific stroke volume
and heart rate is used. At the outlets, a flow split of the volume flow going to the left and right
pulmonary artery is specified. Blood is modelled as non-Newtonian fluid using a Carreau-Yasuda
model. For this experiment, the threshold viscosity is varied to assess whether patient-specific
modelling of the viscosity is required. Regularly, a viscosity of 0.0035 [Pa s] is used. As output
parameters, the endothelial surface area of the pulmonary artery affected by low wall shear stresses
(< 0.5 Pa) due to the sensor and the hemodynamic forces (in axial direction) affecting the sensor during
peak-systole are evaluated. For calculation of the hemodynamic forces, the surface integrals of the
wall shear stresses at the sensor surface as well as the static pressure are calculated.

Wall Shear Stress (Pa)
S 10

0
.

Wall Shear Stress (Pa)
0 B 10

Figure 8: The setup of the model used for the uncertainty and sensitivity analysis. Top: The geometry and the pressure
sensor inserted, bottom: exemplary results of wall shear stresses present.

The input parameters that are varied during the uncertainty and sensitivity analysis are the Heart Rate,
Stroke Volume, Flow split (% of inflow to LPA), and dynamic blood viscosity. The ranges of the inputs
are given in Table 2.

Input parameter Ranges SA1 Ranges SA2
#1: Heart rate [bpm] 48 — 84 48 — 84
#2: Stroke Volume [ml] 27-135 54-108
#3: Flow split [% going to LPA] 40-60 40-60
#4: Dynamic Viscosity [mPa s] 3-4 3-4

Table 2: Input ranges for the uncertainty and sensitivity analysis (parameter prioritisation).

In this study, we reduce the uncertainty domain of the parameter with the highest main index and
conduct a second uncertainty and sensitivity analysis. The reduction in uncertainty domain is for now
arbitrarily chosen but can be used to show that our sensitivity analysis can select relevant parameters

11
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to measure more accurately, leading to a reduction in output uncertainty. In addition, the effect of
this reduced uncertainty domain on the expected value is evaluated.

Results and

discussion

The first uncertainty analysis found an expected value for the area of low wall stress of approximately
3.0 [mm?] and an output variance of 15 [mm*]. The sensitivity indices are shown in Figure 9. The
largest main index (~0.8) is found for the Stroke Volume. The input domain of this parameter is
subsequently reduced for the second uncertainty and sensitivity analysis (see Table 2 for the ranges

used for this
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Figure 9: The sensitivity indices, the expected value, and the output variance for the first sensitivity analysis with the area of
low WSS as output of interest.
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Figure 10: The sensitivity indices, the expected value, and the output variance for the second sensitivity analysis (and thus
the re-defined input space) with the area of low WSS as output of interest.

In Figure 10 we can observe by considering the sensitivity indices that the contribution of the heart
rate to the total output uncertainty is significantly higher compared to the first exploration. This might

12
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be understandable as the stroke volume is now more accurately determined and relatively gets a
lower share of the total output uncertainty. In addition, you can see in Figure 10 that the total output
uncertainty (~2.0 mm?) is indeed decreased. In addition, the expected value is significantly changed
after re-definition of the input space.

Boxplots of the simulation data of both sensitivity analyses are given in Figure 11. Here it can be seen
that the distribution in the first set of simulations is largely skewed, whereas the distribution of the
second set of simulations is more symmetric. The model simulations of the first set in the outer tails
of the distribution might be outliers and unrealistic but this needs to be assessed in future.

30 - b

- [} ]
(4] o (&)
T I
4
| |

Area with low WSS [mm?]
=)
T
|

Figure 11: Boxplots showing the simulation data that was input for the agPCE. Note the outliers in especially the data set of
the first uncertainty and sensitivity analysis (left).

In addition, we have performed uncertainty and sensitivity analysis for both the initial and re-defined
input space while considering another output of interest, i.e., the pressure forces applied to the
sensor. The results of the analysis with the initial input space are given in Figure 12. It can be observed
that Stroke Volume has again the highest main index (almost 0.8). Therefore, we did the second
analysis with the re-defined input space given in Table 2. The results of the second analysis are given
in Figure 13. Now it can be observed that the expected values of both analyses are 4.5 [N], whereas
the variance is 3.9 [N?] in the first analysis (initial input space) and more than halved (1.5 [N?]) in the
second analysis.

13
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Figure 12: The sensitivity indices, the expected value and the output variance for the first sensitivity with the force applied
to the sensor as output of interest.
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Figure 13: The sensitivity indices, the expected value, and the output variance for the second sensitivity (and thus the re-
defined input space) with the force applied to the sensor as output of interest.

From the above discussion the relevance of uncertainty and sensitivity analysis for accurate
estimations of model outputs and their variances becomes evident.

The re-definitions of the input space in the previous two sections are especially relevant during model
personalization and patient-level validation. The re-definition of the input space in this section
focusses on the re-definition of the input space for virtual cohort generation.

Study setup

Our approach to re-define the input space for virtual cohort generation is schematically depicted in
Figure 14 and consists of the following steps: 1) sampling of the N-dimensional (sparse) input space;
2) evaluate the physiological models for each sample; 3) filter out model output realisations that are

14
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non-physiological or outside a predefined region of interest; 4) define the distribution of the accepted
(i.e., the re-defined input space) and non-accepted input samples. Note that the filter will be built
based on a priori physiological knowledge and/or important parameters identified by regionalized
sensitivity analysis (see D7.4). In this deliverable we have considered an aortic valve stenosis pressure
drop larger than 300 mmHg as filter criterion for unrealistic outputs.

We have run our physiological model (surrogate model) for 3200 input samples that are obtained
using Latin HyperCube sampling. All unrealistic model outputs are removed and thereafter the
distribution of the input samples is investigated by means of a parallel orthogonal plot. This is a first
preliminary exploration of a high dimensional input distribution obtained after filtering. The method
considers “marginal distributions” and more advanced methods will be evaluated in the future.
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Figure 14: A schematic picture of the virtual cohort generator (left) and a typical example of a virtual patient, i.e., a
geometry, a physiological model and proper parameters/boundary conditions (right).

Results and discussion

In total about 25% of all model evaluations resulted in unrealistic outputs. In Figure 15 a parallel
orthogonal plot is shown for all simulations. The parallel axes of the plot represent either the ranges
of the model output (pressure drop, completely at the right) or the input parameters (the alpha’s,
scaling factor and the peak systolic flow, from left to right). For each single model realization lines are
drawn that connect the specific output with the corresponding input values. The lines that are
presented in Figure 15 represent the 10", 50" and 90" percentile interval of all model realisations and
inputs. In red this is depicted for the unrealistic inputs and outputs, whereas blue is used for the
realistic ones. It can be observed that the inputs of both the realistic and unrealistic model realisations
cover almost the full ranges for all input parameters except for parameter a;. For this parameter the
percentile intervals of the two sets can be visually distinguished. The difference is even more
pronounced when considering the 25"-75™ percentile intervals of all simulations (Figure 16).

Based on these observations we have re-defined the input space by constraining the input range of a;
to either the 10™-90™ percentile or 25™-75" percentile interval. It is expected that sampling in these
constrained regions will result in a lower number of unrealistic simulations. In fact, this is where we
aim for, because our virtual cohort ultimately consists of an accurate input distribution that can be
sampled to get realistic parameterizations and boundary conditions for our physiological model, which
together form the virtual patients. Indeed, in Figure 17 we observe that the number of unrealistic
model realisations reduce to an amount <0.5% when constraining the range of a; to the 25" and 75
percentile interval.
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Figure 15: A parallel orthogonal plot showing the 10t to 90t percentile intervals for all components of the input samples
and the corresponding model output realisations. These intervals are given for both realistic and unrealistic model outputs.
Note that the value of the pressure drops in the plot seems to be large, but this is because the unrealistic outputs are also

given, which can be much higher than the physiological (realistic pressure drops).
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Figure 16: A parallel orthogonal plot showing the 25t to 75t percentile intervals for all components of the input samples
and the corresponding model output realisations. These intervals are given for both realistic and unrealistic model outputs.
The setup of the model used for the uncertainty and sensitivity analysis. Top: The geometry and the pressure sensor

inserted, bottom: exemplary results of wall shear stresses present.
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Figure 17: The number of unrealistic model realisations. On the left the situation without re-definition of the input space,
whereas the middle and right illustrate the fraction of unrealistic simulations after re-defining the input space based on the
10t-90th percentile and 25t%-75t percentile interval of parameter a;.
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Next steps towards virtual cohort generation

In previous deliverables we have presented the methodology envisioned, the feasibility of the
approach, and the availability and applicability of uncertainty and sensitivity analysis techniques. In
the next phase of the project, we will now start with the development and validation of virtual cohorts.
First, we will select the physiological model that is best suitable for our application and is available/has
been developed in WP8 and WP9. Second, surrogate models are created for fast evaluations of the
model which is needed for our filtering step. For the latter, our sensitivity analysis techniques will be
used, complemented with physiological knowledge, to design the optimal acceptance/filtering
criteria. Third, the different validation steps for virtual cohort validation will be done and ultimately
the utility of the generated cohorts for device evaluation will be examined.
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