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1 | INTRODUCTION

Abstract

Aortic cross-clamping is a common strategy during vascular surgery, however,
its instantaneous impact on hemodynamics is unknown. We, therefore, devel-
oped two numerical models to estimate the immediate impact of aortic clamping
on the vascular properties. To assess the validity of the models, we recorded con-
tinuous invasive pressure signals during abdominal aneurysm repair surgery,
immediately before and after clamping. The first model is a zero-dimensional
(0OD) three-element Windkessel model, which we coupled to a gradient-based
parameter estimation algorithm to identify patient-specific parameters such as
vascular resistance and compliance. We found a 10% increase in the total resis-
tance and a 20% decrease in the total compliance after clamping. The second
model is a nine-artery network corresponding to an average human body in
which we solved the one-dimensional (1D) blood flow equations. With a sim-
ilar parameter estimation method and using the results from the 0D model,
we identified the resistance boundary conditions of the 1D network. Deter-
mining the patient-specific total resistance and the distribution of peripheral
resistances through the parameter estimation process was sufficient for the 1D
model to accurately reproduce the impact of clamping on the pressure wave-
form. Both models gave an accurate description of the pressure wave and had a
high correlation (R*> > .95) with experimental blood pressure data.

KEYWORDS

0D model, 1D model, clamping, inverse problem, parameter estimation

Aortic aneurysm (AA), abnormal dilations of the aorta, are responsible for over 150 000 deaths each year.! As the
aneurysm grows, vascular surgery becomes necessary to relieve wall tension and prevent AA rupture.? Open surgery is
currently the gold standard for elective AA repair with suitable anatomy and requires aortic cross-clamping.? Clamping
consists of an external compression of the artery to prevent blood from flowing downstream, thus providing a more stable
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operative field. This procedure produces perturbations in cardiovascular hemodynamics®* but the exact mechanisms
involved are not completely clear.

There is clinical evidence that the duration of cross-clamping is associated with postoperative clinical outcomes, includ-
ing mortality.>® Indeed, many experimental studies in animals’ and humans® have reported the hemodynamic changes
caused by aortic clamping on gastrointestinal function,” on cardiac output,'®!? and renal perfusion.!> Nevertheless,
only changes produced 5 to 60 minutes after aortic clamping have been described, whereas immediate changes remain
unknown. Therefore, there is a gap in current knowledge as to which are the immediate changes after aortic clamping,
and what is the effect of clamping on the hemodynamics and vascular properties. Although some mechanical model-
ing studies have investigated the local stress distribution!# to that causes arterial tissue damage produced by traumatic
surgical instruments! to our knowledge, aortic cross-clamping has not been investigated using macroscopic blood flow
models. Numerical models of the arterial network can provide information on important vascular features including
compliance and resistance, given easily-obtained routine hemodynamic information such as continuous arterial pressure
signals. In this study, we propose to investigate the immediate impact of aortic clamping on the vascular properties using
two macroscopic numerical models.

The numerical models for blood flow in the arteries are based on fluid-structure interaction (FSI) methods where
fluid dynamics and flexible wall movement equations are coupled. In these models, blood flow is governed by the
three-dimensional (3D) Navier-Stokes equations, and the wall deformation by visco-elastic solid equations. This 3D
approach is usually restricted to small regions of the systemic circulatory system,'®17 and only in a few cases is applied
to the entire circulation.!® However, the computational and modeling costs are high, making the 3D FSI simulation
inadequate for real-time medical application. In contrast, reduced order models, such as zero-dimensional (0D) and
one-dimensional (1D) models, are cost-effective alternatives to 3D FSI models.

0D models, also called lumped parameter models, are the simplest approach to describe blood flow. They are derived
by averaging blood flow equations over all spatial dimensions and can be interpreted as an electrical analogy where volt-
age is assimilated to pressure and current to flow rate. The universal model is the Windkessel model,'® introduced by
Frank? and used to describe the compliant charge and discharge of the aorta. The Windkessel model has been exten-
sively applied?!?? to describe the flow of blood in the heart?3-?6 and other organs?” to create models of the cerebral arterial
network?? of the entire arterial network?-3* and to characterize the microcirculation at the outlet of 3D FSI models®"-32and
1D network models.>3-> The major drawback of 0D models is that they are unable to take into account wave propagation
and nonlinear flow effects.

To overcome the 0D limitations, 1D models were introduced as the next level of modeling. The 1D equations are
obtained by averaging the long wavelength Navier-Stokes equations over the cross-section of the artery. Conversely to
0D models, 1D models account for pulse wave propagation and reflection in the arterial network, which are impor-
tant phenomena for understanding cardiovascular hemodynamics.*® This model was introduced by Euler in%’ and is
widely used to model blood flow in large arteries?>263840 in both healthy and pathological settings in humans3** and
animals.*?

Changes in vascular properties have been linked to the pathogenesis of arterial hypertension** and atherosclerosis,?
and therefore are thought to have a major role in the worldwide burden of cardiovascular diseases. However, clin-
icians usually have access to only minimal, if any, information on the vascular properties of their patients. Our
study presents experimental data of continuous invasive arterial pressure recorded during AA repair surgery, before
and after clamping the abdominal aorta. In order to enhance the data acquired from routine monitoring stud-
ies, we introduced a parameter estimation strategy based on the experimental measurements to identify valuable
information on vascular mechanics that is otherwise difficult to obtain. Parameter estimation can also allow fol-
lowing the evolution of a disease in a minimally invasive way. A common parameter estimation technique is the
Kalman filter***> developed to estimate the elastic properties of arterial vessels and the values of terminal bound-
ary condition coefficients.*® Others are retropropagation,*’ adjoint-based methods,*® or quasi-Newton methods,* for
instance.

In this study, we compare two numerical models (0D and 1D) and experimental blood pressure measurements in order
to investigate the immediate impact of aortic cross-clamping. We will show that both the 0D and 1D models provide
helpful information for medical diagnosis at systemic and arterial scale, respectively.

The paper is organized as follows: in Section 2, we present the experimental data acquisition method. We describe
both the 0D Windkessel model and 1D model and introduce the optimization method to identify the optimal parameters.
Section 3 shows the results obtained with the numerical models. We discuss these results in Section 4 and finally, in
Section 5, we summarize our work and give perspectives for improvement.
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2 | METHODS

We introduce first the data acquisition method (Section 2.1). We then present the two numerical models (Section 2.2
and 2.3). Finally (Section 2.4), we explain the parameter estimation method.

2.1 | Experimental data acquisition

As stated above, we recorded arterial pressure signals of a patient undergoing an AA repair intervention that required
aortic cross-clamping at the Hépital Universitaire Pitié-Salpétriére in Paris, France. We obtained the continuous and inva-
sive pressure data with a fluid-filled catheter from the right radial artery of the patient during the surgery. The use of
invasive arterial pressure measurements during this type of surgery is part of the surgical protocol and, therefore, routine
clinical practice. The recording of these pressure data does not modify the signal used for clinical monitoring nor presents
additional risks for the patient during the surgery.

To carry out the measurements, we used a disposable pressure transducer (TruWave, Edwards Lifescience). We recorded
the pressure signals with an analog-digital converter with internal hardware filters (low-pass frequency set at 20 kHz,
high-pass frequency set at 0.05 Hz, MP150, BIOPAC Systems Inc). We used the AcqKnowledge software to interpolate
arterial pressure data at a frequency of 1000 Hz.

We performed the measurements on an 84-year-old male patient with hypertension and no left ventricle dysfunction
(ie, left ventricle ejection fraction less than 45%). We recorded the pressure data in two different configurations: the
preclamp configuration as prior to aortic clamping (Figure 1A) and the postclamp configuration during which the clamp
was in place (Figure 1B). For each configuration, we chose a stable set of beats manually through a 20- to 40-second inter-
val immediately before and after each clamp event. We averaged the signal by calculating the period of each beat, taking
the median period and normalizing every beat to this median period so that 50% of the beats were shortened and 50%
were lengthened by the normalization. In this study, we compared the invasive experimental measurements with the
numerical models on this single mean beat averaged from the 20- to 40-second sequence for each configuration.

2.2 | Windkessel model

2.2.1 | 0D equation

The Windkessel models are widely used in medical studies because despite their simplicity and low computational cost,
they provide valuable information on the vascular system. They were derived by averaging the blood flow equations over
all spatial dimensions. The arterial network can then be interpreted as an electrical circuit constituted of resistors and
capacitors. Resistors represent frictional forces due to viscosity while capacitors model the compliant effects of arteries.
Windkessel models can therefore provide information on vascular resistances and compliances that are helpful for the
medical diagnosis.
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FIGURE 2 Windkessel 0D
model. (A) Inlet boundary
condition of the 0D and 1D
models: flow rate Q(f) modeling
the heart. The amplitude is
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period T = 1.15s. (B) Electrical Input flow rate Q() (B)
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We propose a three-element Windkessel model composed by one capacitor C and two resistors R, and Ry corresponding
to the proximal and distal resistances, respectively (see Figure 2B). The analytical representation of the Windkessel model
in Figure 2B is given by the following equation that links the pressure p(t) to the flow rate Q(¢) ejected by the heart:

(1 +RdC%>p(t) - ((Rp +Ry) +RdeC%> Q). (1)

2.2.2 | Boundary conditions

To minimize the number of model parameters, we chose to describe the flow rate Q(¢) ejected by the heart with a simple
half sine signal. This heart model has proven reliable in previous works,?40 even though more complicated heart models
can be found in the literature.?>?426 The input flow rate is as follows

. xt .
Q) = QOSIH(TWT) %f 0<t<T,T, @)
0 it T, T<t<T,

characterized by three parameters: the amplitude Q, and the systolic ejection time T,;, during which blood is injected
in the system, and the heart period T. The first two parameters Q, and T,; are unknown, whereas the heart period is
prescribed by the experimental data.

2.2.3 | Numerical resolution scheme
To solve Equation (1) numerically, we used an explicit Euler time-integration scheme
Qn+1 _ Qn

= (Rp + R)Q" + RyRiC——, 3)

pn+1 _ pn
A At

p" + R4C

where p"*! is the unknown pressure at time "*! and Q", Q"™ the known flow rates at times " and "*!, respectively,
imposed through the inlet boundary condition (2). The time step At = £"*! — " is of order 10~ s and At <« R;C ~ 13, the
characteristic time of diastolic exponential decrease.

2.3 | One-dimensional model

2.3.1 | 1D equations

The 1D models have been used to describe blood flow in large arteries since, unlike 0D models, they can model the spa-
tial propagation of pulse waves, one of the most important phenomena when studying large artery hemodynamics.3%3%°
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The 1D equations are obtained from the 3D Navier-Stokes equations assuming a few weak hypotheses. The details of the
derivation can be found in Lagrée.*”>* We assume that blood is homogeneous and behaves like a Newtonian fluid, and we
consider arteries as straight axisymmetric tubes with viscoelastic walls. Finally, we average the long wavelength incom-
pressible Navier-Stokes equations over the cross-section of the tube and obtain the following continuity and momentum
equations:

0A  0Q

— +—==0,

ot ox @
0Q o (Q® K ,: Q 2’Q

—~+ 2 (=+24)=-C c,—=

at+ax<A+3p ) AT

where Q is the flow rate, A the cross-sectional area, and p the internal average pressure. The parameter K =
E\/;h/ (Ao(l - \/2)) characterizes the elastic behavior of the arterial wall and depends on the Young modulus E, the
wall thickness h, the Poisson coefficient v, and the reference arterial cross-section Ay. The blood density p is equal to
1 g/cm?®. The friction coefficient Cy is set to 22zv>! with v = 5 1072 cm?/s as the kinematic viscosity of blood. Finally,

= ¢\/;h / <2p\/A0(1 - vz)) describes the visco-elastic behavior of the wall using a Kelvin-Voigt model, linearized

35,42

around the reference cross-section Ay, and depends on ¢, the wall visco-elastic coefficient.

2.3.2 | Boundary conditions

To model the systemic circulation in the preclamp configuration, we constructed a minimal network composed of nine
main arteries® (see Figure 3A), where we solved the 1D equations (4). At each bifurcation, we imposed the conservation
of mass and the continuity of energy® without taking into account pressure losses at the junctions.>* The boundary
conditions are the following: at the inlet of the network (artery number 1), we imposed the same periodic flow input signal
Q(¢) as the 0D model (2), and we applied resistance boundary conditions r; at every terminal artery i to take into account
the peripheral circulation in the capillaries.>>>> The resistance boundary conditions are not prescribed but estimated
with the estimation process described in Section 2.4. The post-clamp configuration consists of removing all distal arteries
starting from the end of the abdominal aorta (artery 7). In practice, we applied a total reflection outlet boundary condition
at the end of artery 7, corresponding to a complete occlusion of the vessel (see Figure 3B).

2.3.3 | Properties of the network

Table 1 presents the arterial geometric (length L, reference cross-section A, thickness k) and material (Young modu-
lus E) properties used in the numerical computations. We adjusted these properties from the literature®®*° to the chosen

FIGURE 3 Schematic
representation of the nine-artery
network. We represent (A) the
configuration without the clamp
(preclamp), (B) the
configuration with the clamp

(A) (B) (postclamp), where we model
Megsuring point the occlusion of artery 7 with a
. . total reflection boundary

i FPesistance boundary condition. The green circles
condition

3 5
/’ A represent the bifurcations, the
r E( ot r Bifurcation light blue squares represent the
resistance boundary conditions,

W oaietecton the black square is the point of

clamping modeled by a
reflection coefficient of 1 and

. . the orange cross is the pressure
measurement point where we
compared experimental and

simulated pressure waves
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TABLE 1 Geometric and material

N° Name L(cm) A(cm?) h(cm) E (107 gem1s72)
properties of the nine-artery network 1 Aortaarch A 4.0 7.07 0.16 0.7
model***>% including the length of each 2 Right subclavian radial artery ~ 72.5 0.50 0.06 0.4
vessel L, expressed in cm, the reference 3 Aorta arch B 2.0 5.31 0.12 0.4
cross-section A in cm?, the arterial wall 4 Left carotid artery 38.5 0.50 0.06 0.6
thickness h in cm and the Young modulus E 5 Aorta arch C 39 4.52 0.1 0.4
in g cm™! 572, considered constant in each 6 Left subclavian radial artery ~ 69.1 0.50 0.06 0.4
artery 7 Aorta 34.5 2.01 0.1 0.4
8 Right femoral artery 96.9 0.79 0.07 1.2
9 Left femoral artery 96.9 0.79 0.07 1.2

nine-artery networks model to correspond to an average human body.>? The resistance boundary conditions are estimated
automatically and reported in the results section in Table 3.

2.3.4 | Numerical resolution schemes

As the system (4) is nonlinear, analytical solutions are not available yet. Numerical schemes have been proposed to solve
the system®%>7 using finite differences,*? finite volumes, finite elements,'® and discontinuous Galerkin methods.>® The
system can be decomposed into a hyperbolic subproblem that accounts for the transport, a parabolic subproblem describ-
ing the viscoelastic effect, and a reaction subproblem for the friction source term. To solve the hyperbolic subproblem,
we chose a finite volume numerical scheme using a kinetic approach® with a second-order monotonic upwind scheme
for conservation law (MUSCL) reconstruction®! and a second-order Adam-Bashforth (AB2) time integration scheme. We
used a Cranck-Nicholson scheme for the parabolic subproblem and the same AB2 scheme for the reaction subproblem.
We divided the time domain using a constant time step At = 10~* s and introduced a spatial mesh to discretize each artery
with a constant step Ax = 0.4 cm, which are typical values for computation with enough precision. We solved the system
using a code developed in our laboratory written in C++.

2.4 | Parameter estimation

Typically, during the course of a clinical procedure, little is known about patient-specific vascular properties making
parameter estimation a powerful tool to identify these physiological quantities. Thus, we proposed an optimization strat-
egy designed to automatically estimate both 0D and 1D model parameters using the experimental measurements. Figure 4
presents the 3-step algorithm of the process in which:

(i) we estimated the 0D model parameters: the resistances (R, and Ry), the compliance (C) and the ejection time (Ty;),
(ii) we estimated the resistance boundary conditions r; of the 1D model to match the total resistance of the 1D model
to the total resistance of the 0D model found in step (i),
(iii) we estimated the amplitude of the input flow rate (Q,) for both models using the 1D model.

(i) Estimation of the 0D model parameters

The objective of this first step was to estimate the 0D model parameters PP = {R}", R}, CP"*, T.,"*} for the preclamp

and PPost = {RE™, REO, CPost, Tf;’“} for the postclamp configuration, solving an inverse problem based on the exper-
imental measurements. We defined a cost-function J that characterized the difference between the experimental and
simulated pressure waves, respectively Pey,(f) and Pp, (P, £). We minimized this cost-function J with respect to P, the set
of parameters, for each configuration. We defined the cost-function as follows:

r 1/2
]pre/post(p’ t) = </ (Pexp(t) = Puum(P, t))zdt> 4 )
0

where P, the set of parameters { Ry, R4, C, T,;}, was either PP™ for the preclamp or PP* for the postclamp configuration.

To calculate Py, we solved Equation (1) and imposed an arbitrary value of Q, such that the systolic volume Vi,
ie, ventricular ejection volume over a heartbeat, was within the typical range of 70 to 90 mL. We defined the systolic
(or stroke) volume as the integral of the input flow rate Q(f) over one heart period T. We imposed the same stroke volume
Vs in both configurations.
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such that:

Rpre/prmt _ Rpre/poxt

tot,0D tot, 1D exp T
num Computation of V.
—> Construction of a 9-artery network for each

configuration using parameters of Tables 1 and 3 >

FIGURE 4 Optimization algorithm described in Section 2.4 to estimate the patient-specific parameters of the 0D and 1D models. The
parameters of the 0D model are PP" for the preclamp configuration and PP* for the postclamp configuration and are composed of the
proximal resistance Ry, the distal resistance Ry, the compliance C, and the ejection time T,;. The flow rate Q)" (respectively, Q0*") corresponds
to the amplitude of the input flow rate Q(¢) for the preclamp configuration (respectively, postclamp). The stroke volume V; is the integral of
the flow rate Q(f) over one heart period T. The resistances r; are the resistance boundary conditions of the 1D network (see Figure 5)

For each configuration, we determined the optimal set of parameters P using the gradient-based method L-BFGS-B
(from the initials of the original authors Broyden,®? Fletcher,%® Goldfarb,* and Shanno®°) using the SciPy library from
Python.®® The L-BFGS-B algorithm is a limited-memory Quasi-Newton method that solves large nonlinear optimiza-
tion problems. It allows bound constraints in order to maintain each parameter within a physiological range.5” In
particular, we required that all parameters have positive values and that the compliance remains in the interval C
[1077,1071] g~ tem*s?.

The classical gradient method is the Newton iterative method: Pyx; = Py — BEIVJ (Pr) where By is the matrix of the
second-order partial derivatives of J, called the Hessian matrix, and the limit of 7, when the algorithm converges, min-
imizes the function J. The BFGS method was designed to avoid constructing the Hessian matrix B and uses instead an
approximation of the inverse of the second derivative of J by analyzing the gradient. This approximation allows using
quasi-Newton method to find the minimum in the parameter space. The algorithm is as follows.

We chose an initial guess of the set of parameters Py, initialized the Hessian matrix B, with the identity matrix, and
repeated the following steps until convergence:

1. find p, solving Bypx = —VJ(Px) where p, is the direction of the descent and Py the set of parameters to be estimated
at step k,

find the optimal time step ay in the direction p,,

update the solution: Py;; = Pi + axPk = Xk + Sk,

calculate yx = VI(Pi+1) — VI(Pr),

update the value of the Hessian matrix using the information from previous iteration:
_ Vivi” _ BisiesiBi
=B+ Vi Sk s"Bisg

whkwh

Bk+1

J(P)=J (Pyy1) . -9
Convergence was reached when — %k ktl <e,withe =107°.
g max(|[J PPl 1) —

The BFGS method is deterministic, and to ensure that the optimal values are global, we explored the stability of
the minimum by adding extra noise using the Basin Hopping algorithm.® It is a stochastic algorithm that looks for
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FIGURE 5 Analogy of the 9-artery network with resistors. (A) The preclamp network shown in Figure 3A that has a total resistance Rmz,l D
(B) the postclamp network from Figure 3B that has a total resistance Rf;l”l p- The labels of resistors are identical to the labels of arteries from

the 1D network (Figure 3). The Poiseuille (or hydraulic) resistances R;, and the resistance boundary conditions ; are reported in Table 3

the global minimum of the cost function by creating a random perturbation of the parameters P at each optimization
step.

This step provided the optimal values of the 0D model parameters PP and PP*! for both configurations, in the
physiological parameter space, as the global optima of the cost-function J.

(ii) Estimation of the resistance boundary conditions of the 1D model

The objective of this second step was to estimate the resistance boundary conditions r; of the 1D network. We proposed
a new parameter estimation problem to identify the resistance boundary conditions r; such that the total resistance of the
1D model Ry, 1p matched that of the 0D model Ryo0p = R, + R4 found in step (i). Indeed, since the OD total resistance was
estimated from real invasive data, it seems reasonable that it is the total resistance of the patient, which explains why we
matched the 1D resistance to the 0D resistance.

We can calculate analytically the total resistance of the 1D model for both configurations assuming a 0D analogy of the
1D network, as represented on Figure 5. This total resistance R, ;p depends on the Poiseuille (or hydraulic) resistances R;
of each vessel®’: R = 8z ulL; /Aiz, where L; is the length of the vessel i, and A; the cross-section of the vessel i. The values of
the Poiseuille resistances R; for each vessel of the 9-artery network are fixed by the geometry (Table 1). The total resistance
Rmm p also depends on the resistance boundary conditions 7; of each terminal artery i.

We defined a new cost function J in which we included both the preclamp and postclamp values of the total resistance
so that the optimal set of ; would preserve the ratio between the pre and post-clamp 0D total resistances. As R; < r;, we
only minimized J with respect to the resistance boundary conditions r;. The new cost function J is:

J(r) = (RP® (Ri, 1) — REY ) + (RESY (Ri 1) — RE )2, (6)

tot, tot, tot,1 tot,0D

where R/, , (Figure 5A) and Rﬁ;’tsi ,, (Figure 5B) are the 1D total resistances for the preclamp and postclamp, respectively,

R and RE” " are the 0D total resistances for the preclamp and postclamp, respectively.

We used the same Basin-Hopping optimization process to obtain the boundary conditions r; of the 1D network.
(iii) Estimation of the amplitude of the input flow rate for both models

In the last parameter, we estimated was the amplitude of the input flow rate Q. Indeed, it was not possible to estimate
this parameter in step (i). In Equation (1), when neglecting the compliance, the pressure is linked to the flow rate through
D = RixQ. As we only had pressure data, it was only possible to estimate either the resistance or the flow rate with the
0D model. Indeed, the algorithm would always find a balance between these two quantities that would minimize the cost
function but that would not necessarily respect physiological values of either of the parameters. The lack of data on the
flow rate is a limitation of the present study.

In step (i), we imposed an arbitrary value for the amplitude of the input flow rate Q,. In this step, we estimated Q,
for both configurations using the 1D model with the constraint of a constant stroke volume, within the range of 70 to
90 mL. We computed the 1D model in the preclamp configuration with the input flow rate characterized by the estimated
value of the ejection time T,; and the same arbitrary Qf)’re as the 0D model. We used a simple gradient-based algorithm
from the same SciPy library®® to find the optimal value of the amplitude of the input flow rate Qgre for this configuration.
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Convergence was reached when the correlation between experimental and simulated pressure waves was superior to
0.95. Then, we computed the stroke volume Vj, calculated the QSOSt so that the stroke volume was identical between both
configurations, and finally computed the 1D model for the postclamp configuration. This last step allowed us to estimate
Q> and Q0" for the two models.

Since Q, changed from step (i) to step (iii), the process was iterated to recalculate the new 0D total resistance with the
optimal value of Q,. We exited the loop when the 0D and 1D models had the same total resistance, the same amplitude
of the input flow rate and the same stroke volume between the pre-clamp and post-clamp configurations.

3 1| RESULTS

In this section, we present the results of the 0D model (Section 3.1) and the 1D model (Section 3.2).

3.1 | Zero-dimensional results

Using the 0D model and the experimental measurements of blood pressure, we estimated the patient-specific parameters
PP and PP ({Rp, Ry, C, Toj}) for the preclamp and postclamp configurations, respectively. These results, reported in
Table 2, showed a 10% increase in total resistance R,y = R, +Rq and 20% decrease in compliance C after clamping. Similar
changes in the vascular resistance with clamping were found in Klotz et al.!? Table 2 also showed the changes in heart
function, characterized by the three parameters Q,, Te;, and T. The estimated ejection time T,;, that is, a percentage of the
heart period T, did not change significantly. However, the heart period T, which was prescribed by the experimental data,
increased with clamping. Since we assumed and thus imposed a constant systolic volume, we estimated that the input
flow rate Q, decreased by 10% with clamping.

We present in Figure 6 a comparison between the experimental and the simulated pressure signal, the latter computed
with the optimal sets of parameters PP and PP, The simulated pressure wave resulted from solving the 0D equation (1)
with the optimal set of parameters obtained with the step (i) of the parameter estimation process. The 0D model gave an
accurate general description of the pressure curve in both configurations even though the systolic pressure peak was not
well reproduced. The correlation coefficients between the simulated and the experimental waves were R*> = .95 for the
preclamp and R* = .97 for the postclamp configuration.

Even though we found a high correlation between the simulated and the experimental pressure signal, we wanted to
ensure that the values found with the algorithm minimized the cost function in the physiological parameter space. We
therefore evaluated the sensitivity of the cost function J to the parameters of the 0D model. We represented in Figure 7
the cost function JP™ for the preclamp configuration as a function of the total resistance R;,; and the compliance C for a
fixed ejection time T,; = 31.8% and a fixed ratio between R, and Ry set at 0.165. Figure 7 showed that the values reported
in Table 2 minimized the cost function J. The two black lines on Figure 7 represent the isovalues of the cost function J
that correspond, respectively, to a +10% and +20% increase of J with respect to its minimum value. Within the 10% of J,
we found a variation of 18% in Ry, and a variation of 48% in C. This result showed that the cost function J was a lot more
convex with respect to R than C, meaning that the model was more sensitive to a change in total resistance than in
compliance.

3.2 | One-dimensional results

The algorithm presented in Section 2.4 allowed us to estimate the values of the resistance boundary conditions r;, reported
in Table 3. The values of r; corresponded to physiological values of the peripheral resistances and were similar to those
reported in the literature.>> As described in Section 2.4, the resistance boundary conditions r; of the 1D networks were

Model parameters Heart function TABLE 2 Summary of parameter

R, Ry C T,; T Q v, estimation results using the Windkessel
Pre-clamp 205 1240 129e-3 318 115 375 872 model. Resistances R, and Ry are expressed
Post-clamp 260 1313 1.04e-3 321 1283 340 89 in dyn-cm™*s, the compliance C is in
Changes between pre/post +27% +6% -20% +1% +12% -10% — g "-em*:s?, the ejection time T is expressed

as a percentage of the heart period, T the
heart period is in s, the amplitude of flow
rate Q, is in cm3/s and the stroke volume V
isin cm3
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FIGURE 6 Comparison between
experimental and numerical
pressure signals using the 0D model
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TABLE 3 Resistance boundary conditions r;, expressed in dyn cm=s, of N° Name r; (103 dyn-cm™5.s)
each segment modeling the peripheral circulation in the capillaries, 1 Aorta arch A —
imposed at the termination of the 1D 9-artery networks. The values of r; 2 Right subclavian radial artery 4.6
were estimated automatically using the results from the 0D model with the 3 Aorta arch B —
3-step process presented in Section 2.4 4 Left carotid artery 4.7
5 Aorta arch C —
6 Left subclavian radial artery 4.6
7 Aorta —
8 Right femoral artery 30.3
9 Left femoral artery 30.3

estimated such that the total resistance matched that of the 0D model. For this reason, there was the same 10% increase in
total resistance as the 0D model between the preclamp and postclamp configurations with the 1D model. We observed that
both the preclamp and postclamp configurations were fitted without any change in the resistance boundary conditions
which means that there was no change in peripheral resistance with clamping. As we imposed, a constant stroke volume,
the postclamp configuration was fitted with a 10% decrease of the amplitude of the input flow rate compared with the
preclamp configuration (see Table 2).

Similarly to the 0D model, we compared the experimental and simulated pressure curves on Figure 8. The simulated
pressure wave resulted from solving the 1D equations (4) in the 9-artery network with the optimal resistance boundary
conditions r; obtained with the step (ii) of the parameter estimation process, presented in Section 2.4. The correlation
coefficients between the simulated and the experimental pressure waves were R*> = .96 for the preclamp and R*> = .97 for

the postclamp configuration.
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FIGURE 8 Comparison between
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4 | DISCUSSION

We have shown that the 0D model gives an accurate description of the pressure waves in both the preclamp and postclamp
configurations (Figure 6) and offers information on relevant global vascular parameters. Even though lumped analysis
may initially be considered outdated, these results indicate that a simple and computationally efficient inverse method is
enough to provide access to patient-specific vascular properties. Nevertheless, an important limitation of the 0D model is
thatit does not take into consideration wave propagation and reflection. These are currently considered major phenomena
in vascular physiology and pathophysiology, since arterial stiffness studied through pulse wave velocity (PWV) has shown
to have a crucial role in the pathogenesis of arterial hypertension and atherosclerosis.*® In particular, the 0D model has
important limitations for describing the pressure wave during diastole, since it only fits the diastolic regime with an
exponential function.

One of the main results of this paper is the 10% increase in total resistance and 20% decrease in total compliance after
aortic clamping. These results can be interpreted by considering that the 0D model sees the arterial network as an assem-
bly of resistive and compliant vessels connected in parallel. Since the total resistance of a network is the inverse of the sum
of the inverse of each vessel resistance, when removing vessels from the circuit ie, the total resistance should increase.
This increase in resistance is in accordance with previous experimental findings'®!1:1* that have described hemodynamics
changes 5 to 30 minutes after clamping using invasive methods such as transesophageal echocardiography or pulmonary
artery catheters. Similarly, as the total compliance is the sum of all vessel compliances, the total compliance should
decrease with clamping. Although these results may be qualitatively anticipated following this reasoning, the quantifica-
tion of these changes is only possible through parameter estimation using the Windkessel model. In addition, the study
of the hemodynamic impact of aortic clamping has usually focused on systemic arterial pressure and vascular resistance,
but vascular compliance has not been reported since clinical attention has been drawn on this parameter only recently.*3

A sensitivity analysis of the 0D model showed that the model is much more sensitive to changes in total resistance than
in compliance. This would suggest that the algorithm estimation of the total resistance of the patient has a high level
of precision, while there is more uncertainty surrounding the estimation of the compliance of the patient. Nonetheless,
given that most methods in the literature that estimate arterial compliance are based on two- or three-element Windkessel
models, it is reasonable to assume that this is currently the state of the art for a minimally invasive estimation of vascular
compliance.

Similarly to the 0D model, the 1D model gives an accurate description of the pressure waves in both the preclamp
and postclamp configurations (Figure 8). However, as opposed to the 0D model, the 1D model accurately reproduced the
diastolic part of the experimental pressure waves in both the pre-clamp and post-clamp configurations. In particular, the
1D model captured the dicrotic notch,*! a small and brief increase in arterial pressure when the aortic valve closes, as
the model accounts for the propagation and reflection of the pulse waves. The 1D model, as an assembly of tubes in which
we solved the fluid equations with only a few weak hypotheses, allowed recovering the physical properties of the arterial
pressure wave that were not considered with the 0D model. We can thus consider that the 1D model is an improvement
of the 0D model and allows its validation by giving similar results.

The fitting of the pressure waves with the 1D model was achieved for both configurations without changing the resis-
tance boundary conditions. It suggests that numerical clamping, ie, imposing a total reflection at the end of the abdominal
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aorta, by itself can reproduce and even predict the impact of surgical clamping on the pressure wave morphology. This
result was observed under the assumption that the peripheral resistances would not be affected by clamping because of
the short acquisition time. We believe the hypothesis of constant peripheral resistances after clamping would no longer be
valid in the long-term due to neurohormonal reactions that occur during longer time scales. In conclusion, determining
the patient-specific total resistance along with the distribution of peripheral resistances with the parameter estimation
process is sufficient for the 1D model to accurately reproduce the impact of clamping on the pressure waveform.

One drawback of this study is that we used a very reduced arterial network, composed of only nine arteries for the 1D
modeling. Though limited in size, we believe that the network contains the minimal number of arteries needed to describe
an average human body. Larger networks (like in Lombardi**) increase the costs, the complexity of the problem and
require more sophisticated methods to estimate the resistance boundary conditions, as there are more terminal vessels.
In our case, the values from the 0D model were a good starting point for the 9-artery model. Future work will focus on
developing an efficient identification technique for a large number of parameters of the 1D model which would constitute
a major improvement of this line of research.

The main drawback of the method is that we do not have access to experimental information on continuous heart flow
rate. This variable can be calculated in critically ill patients with an invasive central vein catheter using the thermod-
ilution method or during cardiovascular surgeries in high-risk patients with transesophageal echocardiography using
continuous-wave Doppler assessment. In this study, neither method was available. Hence, the peak systolic pressure can-
not be described in either model because the shape of the model input heart signal (Figure 2A) is simplified compared
with the physiological heart signal. Moreover, the amplitude of the input flow rate Q, cannot be estimated automatically
with the 0D model because its value is linked to pressure through the total resistance that we estimated. Nonetheless, we
showed that the models can assess the change in Q, with clamping when assuming that the stroke volume is constant.
This change in the amplitude of the input flow rate might be a consequence of our assumption of a constant stroke vol-
ume. Due to the lack of experimental comparative data, we cannot verify this assumption, which is a limitation of our
study. Despite this limitation, we feel that a constant systolic volume is a safe assumption to make for at least three reasons.
First, there is no clear prior evidence in the literature that suggests otherwise. Experimental data on changes in systolic
volume during clamping are available from several small-sized clinical observational studies in adult patients undergo-
ing cardiovascular surgeries. However, some data suggest that systolic volume decreases,”*1? while others suggest that
it stays the same.>!113 These inconsistent findings are possibly because of the differences in loading conditions, surgery
techniques, and patient comorbidities.? A second reason to support our assumption of a constant systolic volume is that,
since we are interested in studying only the immediate impact of clamping, changes in systolic volume during this short
time frame, if any, could be considered as non-significant. Finally, if there were any significant changes due to clamp-
ing during this short time frame, they would involve a decrease, not an increase, in systolic volume. However, since our
patients all had a preserved left ventricular ejection fraction (ie, a healthy heart), the systolic function of the left ventricle,
and therefore the stroke volume, is not expected to decrease during clamping. For these three reasons, we believe that in
spite of the lack of experimental data, a constant systolic volume is a safe assumption to make.

Overall, this study offers evidence supporting the use of numerical models to assess physiological quantities that can-
not be easily measured by physicians (vascular compliance) or that can only be measured invasively by a central vein
catheter (vascular resistance) under a steady-state. This information on immediate changes in the vascular parameters
could be useful for intraoperative patient monitoring and for assessing vascular prosthesis safety, thereby adding valuable
information for decision-making in critical care scenarios. Considering that the postoperative mortality rate for elective
AA repair surgery is one of the highest, we believe it is crucial to understand the effects of clamping to minimize the risks
of complication.

5 | CONCLUSION

The objective of this work was to investigate the immediate impact of clamping during vascular surgery, as it has not previ-
ously been explored with macroscopic blood flow models. We compared experimental invasive measurements of pressure
in the right radial artery for a patient undergoing abdominal aneurysm repair surgery with two numerical approaches
(0D and 1D). Both approaches gave a different level of knowledge on the changes that occur immediately after clamping.
We developed an inverse method based on experimental data to identify patient-specific parameters using a three-element
Windkessel 0D model for the systemic circulation. We highlighted two main changes in the vascular properties of the
systemic circulation after clamping: on one hand, total resistance increased by 10%, and on the other hand, the total
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compliance decreased by 20%. In this work, we reported the values of the model parameters obtained for a patient under-
going AA repair surgery. We showed that these values minimized the difference between the experimental pressure wave
and simulated pressure wave. This model allowed to determine resistance and compliance, which are useful parameters
for interpreting a patient's hemodynamic condition in a critical care scenario, and which cannot be measured noninva-
sively. Then we used a 1D model and developed a second parameter estimation technique to identify the values of the
resistance boundary conditions. We observed that the numerical clamping can predict and reproduce the morphology
of the experimental curve without changes in peripheral resistances. On the contrary, heart function adjusted slightly
under the action of clamping. We assumed that the systolic volume would not change before and after the clamping event
because the data acquisition was carried out in a very short time range. This assumption led to a 10% decrease in the ampli-
tude of the input flow rate during clamping due to an increase in the heart period. Any automatic parameter identification
method for problems with a large number of parameters would represent an improvement to the present work.
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