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Abstract

Fontan associated liver disease is a common complication in patients with Fontan
circulation, who were born with a single functioning heart ventricle. The hepatic venous
pressure gradient (HVPG) is used to assess liver health and is a surrogate measure of the
pressure gradient across the entire liver (portal pressure gradient). However, it is thought
to be inaccurate in Fontan patients. The main objectives of this study were (1) to apply an
existing detailed lumped parameter model of the liver to Fontan patients using patient-
specific clinical data and (2) to determine whether HVPG is a suitable measurement of
portal pressure gradients in these patients.

An existing lumped parameter model of the liver blood circulation was applied and tuned
to simulate patient-specific liver hemodynamics. Geometries were collected from seven
adult Fontan patients and used to evaluate model parameters. The model was solved and
tuned using waveform measurements of flows, inlet and outlet pressures.

The predicted ratio of portal to hepatic venous pressures is comparable to in vivo
measurements. The results confirmed that HVPG is not suitable for Fontan patients, as it
would underestimate the portal pressures gradient by a factor of 3 to 4.

Our patient-specific liver model provides an estimate of the pressure drop across the liver,
which differs from the clinically used metric HVPG. This work represents a first step
towards models suitable to assess liver health in Fontan patients and improve its long-term

management.
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Fontan procedure, biological system modelling, electrical analog model, liver

hemodynamics, fluid dynamics.
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INTRODUCTION

Fontan associated liver disease is increasingly being recognized in patients who have
undergone the Fontan palliation where the systemic venous return is directed to the
pulmonary arteries in the absence of an interposed pumping chamber due to underlying
single ventricle physiology [1]. Exposure of the liver to elevated systemic venous pressures
shortly after Fontan completion leads to congestion [2]. Chronic liver congestion can result
in morphologic changes, including generalized fibrosis and cirrhotic remodeling, which
may result in an increased risk of hepatocellular carcinoma [3]. Liver disease and
hemodynamics are tightly linked in these patients, as evident by the reduction of flow rates
in the portal vein (PV) (inlet) and hepatic vein (HV) (outlet) in patients with morphologic

evidence of liver disease [4].

An important hemodynamic parameter, the hepatic venous pressure gradient (HVPG), is a
widely used clinical tool for identifying the degree of liver fibrosis and elevated pressure
in the PV system. It is calculated as the difference between the pressures measured at the
HV outlet and the sinusoids (represented by the wedged HV pressure), where the sinusoids
are liver-specific capillaries [5],[6]. Studies have shown that in many liver conditions the
wedged HV pressure is a reasonable surrogate for the PV pressure, which cannot easily be
measured directly using a pressure catheter. Hence, the HVPG would approximate the
pressure gradient across the liver (between the PV and HV), referred to as the portal
pressure gradient (PPG) [8],[9]. Large HVPG values (> 10 mmHg) have been associated
with severe liver fibrosis and clinically significant portal hypertension [6]. In Fontan

patients however, high venous pressures are retrogradely transmitted to the hepatic veins
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(so-called “hepatic afterload”) and in turn to the sinusoids. This results in dilation of the
sinusoids which reduces resistance and diminishes the HVPG to approximately 1-2 mmHg
[8].[9]. Despite consistently low HVPGs, a case study by Velpula et al. detailing the results
of catheter measurements in a Fontan patient with liver disease reported a PPG value of 9
mmHg and a HVPG measurement of 3 mmHg, suggesting that HVPG may not be a good

surrogate for PPG or indicator of liver fibrosis in Fontan patients [10].

Because PPG cannot easily be measured clinically, computational models, based on
patient-specific clinical data, can be used to estimate PPG and test the hypothesis that
HVPG is not a good approximation for PPG in Fontan patients. One such type of
computational models is lumped parameter models (LPMs), which are computationally
inexpensive models to simulate fluid flow through a network based on analogies between
electrical circuits and fluid mechanics. These models can focus on a specific organ, such
as the liver, or examine the entire circulatory system. In the context of Fontan patients,
many LPMs have been developed with different degrees of complexity, often simulating
the cardiac hemodynamics using higher-level models of the whole systemic circulation
[11]-[14]. However, a detailed LPM of the liver has yet to be developed for Fontan patients

to better understand their unique liver hemodynamics.

Several computational fluid dynamics models of liver hemodynamics have been developed
based on single liver samples [15]-[17]. These models are computationally heavy and not
suitable for routine patients-specific modelling. LPMs have been developed for the liver,

most with low to moderate degrees of complexity [18]-[21]. Wang et al. [21] developed
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an LPM of the liver coupled to a 1-D model of the systemic circulation to analyze the
difference between HVPG and PPG in different pathological cases of portal hypertension.
Audebert et al. [20] developed an LPM of the circulatory system, including the hepatic
circulation, to explore the effect of changing vascular resistances on the hepatic and global
circulation hemodynamics during cirrhogenesis in rats. Van Der Plaats et al. [19] developed
a detailed model of a canine liver, which included information on the inner vessel
generations. Debbaut et al. [18] used the same concept to develop a model of the human
liver, based on a liver that was discarded for transplantation after failed reallocation. This
liver underwent vascular corrosion casting and micro-CT imaging. Detailed image
processing and analysis allowed for estimation of the internal vascular topology and

geometries as input for the model.

Previous LPMs of liver hemodynamics were not based on in vivo patient-specific
measurements, nor were they applied to livers of Fontan patients. The aims of the current
study are therefore to (i) apply an existing liver LPM by Debbaut et al. [18] to Fontan
patients using patient-specific clinical data and (ii) use the tuned models to provide PPG
estimates in these patients to test the hypothesis that HVPG is not a reasonable estimate of

PPG in Fontan patients.

METHODS
Study Population
This was a single-center retrospective cohort study of Fontan patients seen in the adult

congenital cardiac clinic at Toronto General Hospital between December 2014 and July
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2016. The patients underwent phase-contrast cardiac magnetic resonance imaging (PC-
CMR) with inclusion of imaging of the abdominal vessels. Our inclusion criterion was the
availability of a cardiac catheter procedure within 2 years from their PC-CMR that included
pressure waveform readings. The study was approved by the institutional research ethics

board (REB 10-0398-BE) and patient consent was waived.

We screened a total of 30 patients for this study and 7 patients were selected who met the
inclusion criteria (Table 1). Based on an imaging-based assessment of their livers, the
population was divided into two groups using a previously described method [4]: group |
with morphological evidence of liver disease (patients 1-4) and group Il without (patients
5-7). The average age at the time of PC-CMR was 34.1+8.3 years (group I: 34.0+9.6 years,
group 1I: 34.3£8.1 years). The population is representative of the two main types of Fontan
connections with 4 patients having atriopulmonary (AP) connections, where the right
atrium is connected to the right pulmonary artery, and 3 patients having the total
cavopulmonary connection (TCPC) (2 lateral tunnel variants and 1 extracardiac variant),
where the inferior and superior vena cavae (IVC & SVC) are directly connected to the
pulmonary arteries [22]. Patient 1 experienced the most severe liver disease and died a year

after the PC-CMR due to complications of hepatocellular carcinoma.

Magnetic Resonance Imaging Acquisition
All PC-CMR scans were performed on a 1.5 Tesla scanner (Magnetom Avanto Fit;
Siemens Healthcare, Erlangen, Germany). For evaluation of cardiac and abdominal flows,

fast cine PC analysis was performed during free breathing. Typically, 30 images (256x166
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pixels, slice thickness of 4 mm, and in-plane spatial resolution of 1.3x1.3 mm) per cardiac
cycle were acquired and an encoded velocity was selected based on the vessel of interest.
PC-CMR images were analyzed using QFlow (Medis Medical Imaging Systems, Leiden,
the Netherlands) to calculate mean flow rates (averaged over the blood vessel cross-
section) and extract flow waveforms over the cardiac cycle. The region of interest was
detected automatically using the contour generation option by applying appropriate
inflation or deformation values. The flow rates were calculated without applying

background subtraction.

Geometric and Hemodynamic Data Collection

As shown in Figure 1, the liver has two inlets, the hepatic artery (HA), which delivers
oxygenated blood, and the PV, which delivers nutrient rich, partially deoxygenated blood,
and three outlets, the left, middle, and right HVs [23]. Blood from the HA and PV trees
mixes in the sinusoids and then travels through the HV tree before exiting the liver through

the HVs into the IVC.

The geometric parameters (radii, lengths, and number of vessels per generation) for all
visible liver blood vessels were measured from PC-CMR scans. Typically, only the first 2
or 3 vessel generations were visible with sufficient resolution to enable accurate
measurements. Specifically, we were able to measure geometric parameters for 3
generations for patients 4, 5 and 7, and 2 generations for all other patients. The geometric
parameters of the remaining generations were approximated from measurements by

Debbaut et al. [18] as described below. Using Qflow, radii were calculated from the vessel
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cross-sectional areas assuming circular cross-sections. For each vessel, radii were
measured at three cross-sections along the vessel and averaged. Similarly, Qflow was used
to determine vessel lengths by measuring the centerline distance along each vessel. Using
the approach proposed by Debbaut et al. [18], vessels were assigned to a particular
generation based on the branching patterns associated with bifurcations, trifurcations, and
side branches. The HA, PV, and HV were defined as generation 1. Subsequent vessels
branching from generation j in a bifurcating or trifurcating manner were defined as
generation j + 1. Side branches were assigned to the generation following the one they
originated from, unless their radii were much smaller, in which case, they were assigned to

the generation with comparable radii.

HA and PV flow waveforms were collected using their PC-CMR (Figure 1b). HV flow
waveforms could not be measured and were solved for as a model output. HA pressure
waveforms were not measured due to small vessel radii through which the pressure catheter
could not be navigated. To estimate these pressures, we collected the ascending aorta
pressure waveforms and the brachial cuff pressures at the time of measurement. HV
pressure waveforms were collected, where available, and, in their absence, the pressure
waveforms at the 1\VVC above the HV confluence were used instead, because their values
are comparable. We also collected the mean wedged HV pressure as an estimate of the
pressure at the sinusoids. PV pressures were not measured due to complications with
location accessibility and will be estimated as an output of our model. All flow and pressure
signals were collected with a sampling frequency of 200 Hz. Because flow and pressure

waveforms were collected at different times, they had slightly different periods. To account
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for this, the periods of the pressure waveforms were scaled to match the periods of the

corresponding flow waveforms.

Lumped Parameter Model of the Liver

Using patient-specific geometric and hemodynamic data, along with a few assumptions, an
existing detailed LPM of the liver can be used to simulate personalized liver hemodynamics
in Fontan patients. Figure 2 provides an outline of the steps taken to define and solve the

LPM, which are described in more detail in the following sections.

We propose a liver LPM tailored to Fontan patients (Figure 3a) by applying the liver
perfusion model of Debbaut et al. [18], which was originally developed for liver perfusion
inside a hypothermic machine perfusion device. The model consists of three major
compartments representing the PV, HA, and HV trees. Each compartment consists of
several blood vessel generations, for which the total number of generations in the PV, HA,
and HV trees are denoted by m, n, and q, respectively. The PV and HA trees merge at the
level of the sinusoids, which is the last generation of the HV tree. Based on geometric
measurements and extrapolations by Debbaut et al. [18], the values of m, n and q are set to
16, 18, and 13, respectively. Each generation is defined by an electric circuit referred to as
a z-filter, which contains four electrical components: serial resistors Rsij representing the
vascular resistance, inductors Lij representing the blood inertia, capacitors Cij representing
the blood vessel elasticity, and parallel resistors Rpij representing the blood vessel
viscoelasticity, where i = PV, HA, HV and j represents the generation number. The main

difference between the model proposed by Debbaut et al. [18] and ours is the inlet boundary

10



Journal of Biomechanical Engineering

condition for the portal vein. We used an inlet flow boundary condition (Qrev) instead of
their inlet pressure boundary condition (Pev) due to the availability of clinical data. We
also used an inlet pressure boundary condition at the hepatic artery (Pna), which is
consistent with the model of Debbaut et al. [18]. The main model output parameters are the
pressures at the HV outlet (Pnv) and the PV inlet (Pev). The model assumes conservation
of mass, that is Qua + Qpv = Qnrv. The circuit is closed by a resistance R at the HV end,
which represents the downstream resistance of the distal circulatory system, estimated by

R=Prv/QHv.

Governing Equations and Model Parameter Evaluation
De Pater et al. [24] defined the following governing equations for the simplified Navier-

Stokes equations for fluid flow through an elastic tube

_op_ 8w, 400
9z  mrt Q+ 3nr2 ot ' (1)
_ 6_@ — 3mr3 a_P twau 9°Q (2)
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where z is the axial direction, P is pressure [Pa], u is blood viscosity [Pa-s], r is the vessel
radius [m], p is blood density [kg/m?], Q is flow rate [m3/s], Ewai is the vessel wall Young’s
modulus [Pa], hwan is the vessel wall thickness [m], uwan is the vessel wall viscoelasticity

[Pa-s].

11
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Using analogies between fluid flow and electric circuits, these equations can be rewritten
for a transmission line of length Az (Figure 3c) in terms of the four electrical components

Rsij, Lij, Cij, and Rpijas

=5, = RsijQ + Lij -, 3)
0Q oP 92¢
=5, = Cij5; + RpijCij 5 (4)

To model a blood vessel of finite length, |, the transmission line model was adapted to a 7t-
filter circuit and the electrical parameters had to be multiplied by I. Finally, to account for
the multiple vessels in each generation, the parameters Rsij, Lij and Rpij were divided by and

Cij was multiplied by the number of vessels in each generation N, leading to

i =y (NS, )
Lyj="3%  [N-s?mf), (6)
Cy=rg;  [MN], (7)

vy = 2oy [Ns/m] ®)

where the constant 2x1078 is hwan/Ewan for human livers, as defined by Debbaut et al. [18],

and cp is the pulse wave velocity [m/s] defined as

_ hwailt Ewall
Cp = / 25 [m/s]. 9)
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Blood flow in the liver was assumed to be laminar [19] and blood was assumed to behave
as a Newtonian fluid with constant viscosity x = 3.5x10-3Pa-s [18], [25]. Blood density in
the HA tree was assumed to be p = 1050 kg/m? and, based on Ref. [26], blood density in
the PV tree was assumed to be p = 2000 kg/m3. Blood density in the PV is almost twice as
large as in the HA tree due to the nutrient rich blood coming from the intestines and the
spleen. Blood in the sinusoids is modeled with a density calculated as a weighted average
of the densities in the HA and PV trees based on their flow ratio. Blood in the rest of the
HV tree was assumed to have a density of p = 1050 kg/m?, because it is assumed that

nutrients have been eliminated across the sinusoids.

Parameters |, r, and N could only be measured accurately for generations 1-3 for patients
4,5, and 7, and generations 1-2 for all other patients based on the quality and number of
slices available in PC-CMR images. For the remaining generations, we used the detailed
measurements made by Debbaut et al. [18]. The impact of changing the radii (most
sensitive parameter) of the inner generations on the model output is studied in a sensitivity

analysis.

Because the parameters hwan and Ewan could not be measured from MR images, the

following assumptions were implemented for the calculation of cp:

(1) For PV vessel wall thicknesses, the PV thickness and radius measurements for 36 pigs
grouped into 6 age groups [27] were used to form the following linear correlation, with
an R?value of 0.9, used to calculate hpy

hpy = 0.0829(rpy) + 0.0405 [mm]. (10)

13
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(2) HV and PV thicknesses have been shown to be comparable [28]. Consequently,
Equation 10 was also used to calculate HV vessel wall thicknesses, hnv.

(3) Based on Ref. [18], the Young’s modulus for the PV inlet and HV outlet were assumed
to be Ewan = 400 kPa, while for the last generation of the PV and HV trees (sinusoids),
it was assumed to be Ewan = 2000 kPa. Linear interpolation was used for the generations
in between.

(4) For the HA tree, in the absence of detailed information on vessel wall thicknesses
needed to calculate cp, we assumed cp = 9.35 m/s for the HA inlet based on a value
proposed by Willemet et al. [29] for a typical human HA. For the rest of the HA tree,
linear interpolation was used with the lower bound of 9.35 m/s and the upper bound of

cp calculated at the sinusoids.

Debbaut et al. [18] determined the sensitivity of their model to a two-fold variation in cp
and found only a slight influence of ¢, on the amplitude and phase angle of the solution.

Therefore, our assumptions for evaluating cp seem reasonable.

Model Solution

The model was solved in both steady state (direct current (DC)) and transient modes
(alternating current (AC)) using the superposition theorem [18]. The superposition theorem
is typically used to solve electrical networks with two or more sources. This theorem states
that in a linear electrical circuit with several sources, the current and voltage over any
element in the circuit is the sum of the responses (currents and voltages) produced by each
source acting independently (where all the other sources are replaced by their internal

impedances). The steady state solution (DC), used to calculate PPG values, entailed

14
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shorting out the inductors and open circuiting the capacitors in order to calibrate Rs, which
determines the mean pressure drop and flows in the liver. The transient solution (AC)
involved working in the frequency domain based on the Fourier transform theory and is
used for calibrating the rest of the parameters (L, C, Rp) as well as evaluating the pressure
and flow waveforms across the liver generations. To that end, the transient solution takes
advantage of the superposition approach by alternating between the inlet sources. First, the
PV current source is treated as open circuit, while the HA pressure source is active and the
flow and pressure terms at each generation are evaluated. Secondly, the HA pressure source
is shorted out, while the PV current source is active, and the same terms are evaluated
again. The final transient solution adds up the results of both stages. An in-house code was
written in MATLAB (MathWorks, Natick, MA) to solve the model and perform the

calibration procedure.

Model Calibration

Our model implements patient-specific measurements of the vascular geometry for as
many blood vessel generations as available, complemented by geometric data from
Debbaut et al. [18] for the remaining inner vessel generations. Doing so, in combination
with assumptions for evaluating cp, &, and p, results in general model inaccuracies.
Nonetheless, where possible, our model implements patient-specific vascular
measurements to best approximate the patients’ hepatic architecture. Due to liver-specific
morphological differences and potential microvascular remodeling in Fontan livers, the
model requires tuning of the parameters to patient-specific flow and pressure

measurements.

15
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Hepatic Artery Impedance

Hepatic artery (HA) hydraulic input impedances (Zna) will allow for calibration of the HA
tree parameters. The HA inlet pressure (Pna) and flow signals are required to calculate Zna
as a function of frequency f [Hz]. As the Pua waveform could not be measured directly, it
was approximated by scaling the magnitudes of the ascending aorta pressure waveform
using systolic and diastolic brachial artery pressures. This was acceptable because the
hepatic and brachial arteries both branch off from the descending aorta with a small

difference in elevation at the point of measurement.

Before calculating Zna, the phase lag between pressure and flow waveforms (which were
collected at different time points, on average 1 year apart), was estimated. The flow
waveform lags behind the pressure waveform due to the inertial forces preventing the blood
from responding instantaneously to a change in pressure. To that end, the Womersley

number (o) was calculated for the HA inlet as

_, [mre
a=r = (11)

where r is the inlet HA radius, and f is the frequency based on patient’s heart rate. Using a
previously defined graph of phase lag as a function of a [30], the amount of lag between
the peaks of flow and pressure waveforms for each patient was estimated and used when

calculating Zna.

16



Journal of Biomechanical Engineering

The HA input impedances (Zua) were calculated by dividing the discrete Fourier
transformation of Pra by that of Qua. The frequency range of the reported impedances was
restricted to 0-10 Hz, because higher frequencies are physiologically less important and
may be attributed to the inherent noise of the measurements [31]. To estimate the reliability
of the impedance spectra, magnitude-squared coherences C(f) between pressure and flow
signals were calculated [31]. These coherences quantify how well pressure and flow signals
are related to each other at each frequency. C(f) values are reported between O for non-

related signals and 1 for perfectly related signals.

Reduced Windkessel Model for HA Impedance

Patient-specific coherence plots revealed limited frequency content showing decreasing
C(f) with increasing frequencies (ranging from ~0.9 at 0 Hz to ~0.1 at 10 Hz). Frequencies
with low coherence have the potential to skew the calibration results by undermining the
highly coherent frequencies. Consequently, similar to the method of Debbaut et al. [31],
we decided to correct for the low coherent frequencies by introducing an intermediate step
in the calibration process. This entailed fitting a reduced Windkessel (WK) model
configuration to the HA tree hydraulic impedance. The reduced configuration contains a -
Windkessel (WKm) model including a distal resistance (Rd), an inductor (L), a capacitor
(C), and a component representing the viscoelasticity of the vessel walls (Rp), as shown in
Figure 3b. The fitting procedure involved minimizing the differences between the moduli
of patient-specific Zna and the total impedance of the reduced WKz model, Zwk Ha, in the

range of 0 to 10 Hz using the following equation

Costyyx =X, W(|ZWK,HA|_|ZHA|)2’ (12)

17
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where w is a weighting factor. To account for coherence inconsistencies, only frequencies
with C(f) > 0.5 were included. The weight w was set to the normalized coherence value for
each frequency (C(f) divided by the maximum coherence value in the range of 0-10 Hz).

An unconstrained nonlinear optimization method was used to fit the Zwk Ha parameters.

Hepatic Artery Tree Parameter Calibration

The HA tree is an essential part of the overall model because it contains the pressure source
that is used to solve for all mean pressures. Tuning the HA tree required two separate
approaches. First, we tuned the RsHa values, which are responsible for the mean pressure
drop across the HA tree, by defining a multiplying factor, Frsna. This factor is multiplied
by RsHa elements of the inner generations (ones with geometries approximated by the data
from Debbaut et al. [18]), to match the model predicted pressure at the end of HA tree with
the pressure measured at sinusoids. Next, we defined 3 more multiplying factors, Frna,
Fcha, and Frpha, that are multiplied by the L, C and Rp elements of the HA tree,
respectively, and are responsible for tuning the waveform features of model results. To
achieve this, we calculated the overall impedance of the model with respect to the HA tree
(Zna.model), Mmeaning that the PV flow source was treated as an open circuit and the total
impedance was calculated. The optimization process intended to minimize the differences
between the moduli of previously fitted |Zwk Ha| and the |ZHamodel| in the range 0-10 Hz.
The moduli tuning enables the estimation of the pressure and flow waveform amplitudes,
which is the main objective of our study. The optimization formulation used to achieve the

optimal multiplying factors, through unconstrained nonlinear optimization is defined as

Costymoger = Z(lZHA,model| - |ZWK,HAD2- (13)

18
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Portal Vein and Hepatic Vein Tree Parameter Calibration

We first tune the Rsnv values that are responsible for the mean pressure drop from the
sinusoids to the HV outlet. Knowing the pressures at both of these ends allowed us to find
the best Frsnv values to achieve the desired pressure drop. The HV tree is known to
experience minimal pressure drop in Fontan patients, mainly due to its proximity to the
heightened venous pressures that induce dilation in the HV vessels and sinusoids [8].
Having approximated the radii of HV inner generations based on a healthy liver suggests
underestimation of the vessel dilations that requires down tuning (decreasing) of the Rsnv
parameters for calibration. With the PV inlet pressure being an unknown, we were unable
to define Frspv in a similar manner. Consequently, we propose that Frsnv could serve as
an estimate for Frspv. This assumption is reasonable because both vessels are veins with
comparable thicknesses, which are expected to show similar resistance changes when

exposed to the large venous pressure.

Lack of pressure waveforms at the PV inlet constrained us from evaluating the PV
hydraulic impedances and tuning the PV tree similar to the HA tree. Therefore, we grouped
the HV and PV trees as the ‘venous tree’ that shares the same multiplier values for
calibration. Having the pressure waveform for the HV outlet allowed us to tune the HV and
PV trees simultaneously through minimizing the discrepancy in the time domain
waveforms of model prediction and actual patient measurements at the HV outlet. Similar
to the HA tree, 3 multiplying factors, FLv, Fcv, and Frpv were defined to multiply by their

corresponding circuit elements in both the PV and HV trees. The optimization procedure

19
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was carried out by finding optimal multiplying factors for minimizing the following cost

function

COStPHV = Z(PHV,model - PHV,patient) 2, (14)

RESULTS

Patient Measurements

Mean flow rates and pressures used for solving the model are summarized in Table 2 along
with reference values from healthy non-Fontan controls. A general trend that we observed
was the lower Qpv values in group I (591£260 vs. 1071+253 ml/min), while the Qua values
did not show specific trends, both aligned with our previous findings [7]. HV pressures
were higher in group | (20.8+3.7 vs. 13.7£1.5 mmHg), representing higher venous
pressures and possibly worse Fontan hemodynamics in general. The HVPG values were

consistently low (1 mmHg) in all patients except for patient 1, for which HVPG = 5 mmHg.

Serial Resistance Calibration

Based on Equation 5, the serial resistance Rs has a quartic dependency on vessel radii,
which is prone to large inaccuracies due to approximations made for the inner generation
geometries. Therefore, calibrating Rs was an essential step to achieve more accurate
estimations of Ppv and consequently PPG. As shown in Table 3, Rs values in the HV tree
required down tuning (apparent by Frsnv values <1) or slight over tuning (Frsnv values

slightly greater to 1) in most patients to accommodate for the negligible pressure drop of

20



HVPG = 1 mmHg. Patient 1 however experienced 5 mmHg of pressure drop and thus

required almost 8 times the Rsvalues to account for this.

Estimation of Portal Venous Pressure and Portal Pressure Gradient

Calculated values of Pev and PPG are given in Table 3, along with measured values of
HVPG. As hypothesized, PPG was found to be 2.9-4.0 times larger than HVPG in all
patients. This range of PPG/HPVG values is comparable to the ratio of PPG/HVPG = 3.0
reported by Velpula et al. [10] for a single Fontan patient with liver failure, which to the
best of our knowledge is the only reported clinical measurement of both of these pressures
in a Fontan patient. The major portion of PPG values are attributed to the pressure
difference between the PV and sinusoids that is otherwise found to be minimal in healthy
or non-Fontan patients [6], [7]. As expected, group | patients experienced larger Ppv values
partly due to their already large venous pressures that are transmitted to the PV. To exclude
the impact of venous pressures, PPG values were used for comparison, which demonstrated
an elevated value in patient 1. In the rest of the patients, however, the PPG values were less
than 5 mmHg and were not very different between the groups (3.8+0.8 versus 4.1+0.3
mmHg). Figure 4 shows the mean pressures along all liver vascular trees calculated by the
model for patient 5. In this figure, the HA pressures show a sudden decrease after the 71

generation, while the HV and PV trees have a smoother decreasing pattern.

Reduced Hepatic Artery Windkessel Model

The impedance spectra for the HA inlet exhibited an exponentially decreasing shape

(Figure 5) for all patients. The modulus value at 0 Hz corresponds to the total HA vascular

21



tree resistance, which was largely elevated in two group | patients. The coherences for the
depicted frequencies in Figure 5 are color coded for patients 5 and 1, which also represent
the general pattern in all patients. We observe the largest C(f) at 0 Hz. The coherences tend
to decrease slowly until 6-7 Hz, decrease rapidly for 7-10 Hz, increase after 10 Hz, and
repeat a similar pattern for the rest of the frequencies. The HA phase angle (pHa) has
slightly negative values at the lower frequencies (0-1 Hz), rises sharply to positive angles

from ~2-5 Hz and then decreases rapidly to negative angles at ~6-8 Hz.

The reduced WKz model was fitted to the HA input impedances resulting in the parameter
values in Table 4. Figure 5 also presents the shape of the fitted Zwk,na for the sample
patients. Overall, the fitting process seemed to provide acceptable root mean squared error
(RMSEwk) values (square root of the Costwk value) despite not accounting for the lower
coherent frequencies in the 7 to 10 Hz range. On the contrary, the phase angle plot (Figure
5) shows significant discrepancies between the reduced WK fitted model and the gHa
values. Such observation is understandable as the WKz models were solely fitted to the
impedance moduli. Additionally, the large time gap between the flow and pressure

measurements could be a source of unreliable phase patterns for the HA inlet.

Total Model Calibration

Table 5 provides values of optimal multipliers for calibrating both the HA and venous trees
(PV & HV) along with their corresponding RMSE values. We first started by fitting the
|ZHAamodel| tO the already fitted |Znawk| by finding the optimal multiplying factors. We

initially observed that several combinations of Frna, FcHa, and FrpHa can produce the
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same result, making the solution non-unique. Therefore, considering the dependency of C
and Reron L (Equations 7 & 8), we set all FLna values to 1 to constrain our solution space
to a single optimal solution (Table 5) that also allows for a more intuitive comparison of
Fcna and FrpHa among patients. The dashed lines in Figure 5 represents the final fitted
|Znamodel| Values for patients 5 and 1, which show a slight underestimation of the 0 Hz
impedance modulus. This modulus is controlled by Rs values that have already been
calibrated and cannot be changed. Phase angles of the final calibrated model (Figure 5)
seem to follow the reduced WKz model closely until 2 Hz; this is followed by slight
divergence for the rest of the frequencies. Optimal venous tree multipliers, which were
based on fitting the Pnv waveform estimation with actual patient measurement, are also
presented in Table 5. Similar to the HA tree, FLv values were set to 1 for the calibration

process.

Comparison of Pressure Waveforms

Model outputs and patient-specific measurements of Pnv waveforms were compared, as
shown in Figure 6, to determine how close the model outputs can represent the target Puv
waveforms via parameter optimization. Qualitatively, the model can capture the main
features of Pnyv for patients 1, 5, and 6, which are the patients with the TCPC Fontan
connections. However, as apparent by the discrepancies in the width of the peaks of the
pressure waveforms, there is less qualitative agreement for patients 2, 3, 4, and 7, which
are the patients with the AP Fontan connections. Quantitatively, RMSEpnv is a measure of
the difference between the calculated and measured Pwv waveforms, which was found to

be smaller in the TCPC patients compared to the AP patients (RMSEpnv = 0.340 vs. 1.513).
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DISCUSSION

Fontan associated liver disease is increasingly being recognized in the adult Fontan
population. Clinicians have previously relied on HVPG as a parameter for assessing the
degree of liver fibrosis; however, there have been questions about its suitability as a
surrogate for PPG in Fontan patients. We applied a lumped parameter model of liver
hemodynamics, originally proposed by Debbaut et al. [18], to enable patient-specific
estimations of Ppy and PPG in Fontan patients, and found that HVPG underestimates PPG
by a factor of 2.9 to 4.0 times across our patients, suggesting that these two pressure
gradients are indeed substantially different. This ratio of PPG to HVPG was comparable to
the ratio measured in a single Fontan patient. We compared transient pressure waveforms
at the HV outlet and found good agreement between our model and clinically measured
data for TCPC Fontan patients, as demonstrated by an average RMSEpnv = 0.340. A larger
average RMSEpnv = 1.513 found in AP Fontan patients, highlighting the limitation of the
model to incorporate backflow from the right atrium, as discussed in more detail below.
This model has a low computational cost of tuning and calibration (less than 30 seconds

per patient), which is an ideal feature that makes it suitable for large patient cohorts.

To the best of our knowledge, the only other study that presents an LPM of the liver for
Fontan patients was Kung et al. [11], which models the overall Fontan circulation including
a 3-parameter model for the liver, representing its overall compliance and resistance. For
non-Fontan studies, Wang et al. [21] presented a detailed LPM of the liver that uses global

resistance and capacitor values to represent different liver lobes. Despite its detailed
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structure, there is limited benefit to use this model for patient-specific cases because it does
not require the evaluation of circuit parameters using patient data. Our model, which builds
upon the work of Debbaut et al. [18], contains detailed representations of the liver
vasculature that can easily be evaluated using vessel geometries and flow waveforms,
obtained non-invasively from medical images, and pressure waveforms obtained using
minimally-invasive catheters. The modularity of our model also allows the development of
a very detailed representation of the liver vasculature depending on the visibility of inner
generations. These features make our model suitable for detailed simulation of patient-
specific cases providing more accurate estimation of liver pressures. The model of Debbaut
et al. [31] was calibrated based on measurements of an excised human liver and obtained
simultaneous pressure and flow measurements by attaching the liver to a hypothermic
machine perfusion device. Our HA hydraulic impedances had a comparable exponentially
reducing pattern for the impedance moduli as a function of frequency to those found by
Debbaut et al. Unlike the generally low C(f) values in our patients, their results showed
very large C(f) values across the 0-10 Hz range with most of the 0-1 Hz and 6-10 Hz having
C(f) values greater than 0.9. Their increased coherence values can be attributed to
simultaneous collection of flow and pressure waveforms, which contrasted the clinical data
in our study, for which the flow and pressure waveforms were obtained at different times.
In our study, all calibrations were based on impedance moduli and there was no emphasis
on simulating the phase spectra, which showed large discrepancies among the patient
measurements and the calibrated model. Consequently, we did not perform a full analysis
on the phase spectra. For more detail on the impact of parameter calibration on phase angles

refer to Debbaut et al. [31].
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The full calibration of model parameters was an essential step to properly simulate the
patient measurements. To achieve the correct amount of pulsatility in the pressure and flow
waveforms, we reduced the value of Cjj in the majority of patients as apparent by the small
values of the Fc multiplier in Table 5. Knowing the pulsatility of the blood is partly
impacted by the liver tissue surrounding the vessels, the down tuning is indicative of the
reduced compliance for the coupled liver vasculature and surrounding tissue that are caused
by continuous exposure to high pressure-induced congestion. Particularly, group | patients
demonstrate overall lower Fcna values compared to group Il patients (0.54+0.41 versus
0.84+0.27), which emphasizes the potential role of fibrosis in reducing the compliance for
the HA vascular bed and increasing the surrounding parenchymal stiffness. VVenous tree
multipliers did not show obvious patterns among the groups, although the low Fcv value
of 0.121 experienced by patient 1 potentially depicts the considerably reduced venous tree
compliance in cirrhotic and cancerous livers. In clinical settings, the measurement of liver
parenchymal stiffness (opposite of compliance) using elastography techniques is a simple
way to gain idea of the degree of liver fibrosis [32]. Our patients however lacked this
measurement which would otherwise allow us to validate our calibrated Cij parameters.
The consistently large Frp values across all patients (in the order of 103-10°) suggests
significant underestimation of viscoelastic effect using the current evaluation of Re
parameter (Equation 8). It is believed that neglecting the effects of surrounding liver tissue

by our method is the main reason for such underestimation, as discussed in Ref. [31].
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A noteworthy observation is the smooth appearance of waveforms predicted by our model.
Such behavior can be explained by dampening of higher frequency components that is
inherent to the model solution. This model behavior may be a limiting factor for obtaining
more comparable waveforms to patient measurements (Figure 6) especially because many
of the measured HV outlet pressures contain higher frequency features (small peaks and
troughs along the waveform) that our model cannot encompass. That being said, the
inherent noise associated with pressure transducers can be a confounding variable,
introducing unwanted higher frequency components to the measurements. The
significantly narrower peaks observed in AP patient measurements, which are influenced
by the atrial contraction, lead to large RMSEpHv values in these patients. A combination of
the elevated pressure due to buildup of static blood volume in the right atrium coupled with
the atrial contraction induces a highly pulsatile pressure to the I\VVC blood that in turn results
in large amount of backflow into the HV tree [3]. The modified hemodynamics at the liver
outlet is likely due to the impact of the right atrium, which is outside the scope for our
model. Therefore, assuming the continuity of flow and a pressure driven fluid motion from
liver inlet to the outlet contradicts with the observation of backflow into the liver
vasculature and cannot provide an accurate representation of hepatic hemodynamics in AP

patients.

There are several limitations to this study. Despite the detailed nature of our model, it
assumes simplified branching patterns that are mostly observed in healthy livers. In Fontan
patients, incidence of vascular shunts are not uncommon, especially in cirrhotic livers

experiencing large PPG [3]. These vascular connections introduce new pathways for blood
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flow in and around the liver that can impact the pressure drops and liver flow volumes. We
did not observe any shunts among our patients; however, having access to high resolution
CT images would be useful in detecting such connections, which could be implemented in
the model by the addition of bridging components connecting the corresponding
generations. Lacking liver specific imaging in our patients meant that we could only use
the liver images in the PC-CMR scans for our geometric measurements. Due to the low
image resolution coupled with the available number of slices, we could only visualize
vessels up to the 3 generation for all of our patients. Therefore, we complemented the data
generated by this visualization with the measurements from Debbaut et al. [18] of a single
healthy non-Fontan liver. As an implication of this limitation, the inner PV and HV serial
resistances would stay constant across all our patients, hence limiting the personalization
of PPG estimations. To mitigate this partially, patient specific flow rates (Qrv and Quv),
HVPG, and FrsHv values were implemented for the calculation of PPG estimates that
resulted in wide ranges of values across our patients. Having high resolution CT imaging
of liver would allow us to measure further inner generations (up to 5 or more) that can later
be used to extrapolate the geometries for much smaller generations up until the level of

sinusoids.

The definitive way to verify the model predictions would be by experimental means,
similar to the approach of Debbaut et al. [31]. Attaching an excised Fontan liver to a
perfusion machine would enable pressure measurement at various locations, particularly
the inlets and outlet of the liver. Running experiments under several flow and pressure

conditions and comparing the results with model outputs would serve as an ideal verifier
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for the model’s predictive capability. In the clinical setting, some Fontan patients with liver
failure/cancer who require interventions also undergo direct measurements of Ppv and PPG
as in the case study by Velpula et al. [10]. Testing the model on Fontan patients with
available Pev and PPG data could also verify our model’s ability to predict PPG in a wide

range of Fontan livers.

Ideally, the pressure and flow measurement would be performed simultaneously, which is
unpractical in clinical settings due to the different requirements for PC-CMR and cardiac
catheterization procedures, or at least on the same-day, to enhance the coherence values
between the two. Unfortunately, the mean time difference for our patients was about 1 year,
suggesting two different liver health states, which would result in lower coherence values.
Liver biopsy procedure is the gold standard for detection of cirrhosis and evaluating the
degree of fibrosis in clinical settings; however, their invasive nature makes them an
uncommon addition to routine follow-ups [32]. Ideally, having access to these values
would allow for grading the severity of liver disease in our patients and developing a new

scale for interpreting the clinical significance of PPG values.

Conclusions

A detailed liver lumped parameter model proposed by Debbaut et al. has been applied to
seven Fontan patients, yielding good agreement to clinical data, particularly for patients
with TCPC Fontan connections. This model illustrates the discrepancy between portal
pressure gradient (PPG) and hepatic venous pressure gradient in this patient population,

highlighting the unsuitability of using the latter as a surrogate for the former in Fontan
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patients. With limited patient-specific geometric data, claiming a high degree of accuracy
for PPG estimates and therefore recommendation for use in clinical settings is not possible.
However, with future studies taking advantage of better imaging and possible validation
using actual PPG measurements, it is believed that such models could be used in clinical
settings to monitor patient’s PPG and liver compliance over consecutive follow-ups,

determine the progression of liver disease, and allow for improved patient management.
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Nomenclature

Cij Parallel capacitance

C(f) Coherence values at a certain frequency
Cp Pulse wave velocity

Ewall Young’s modulus

F Multiplying factor

f Frequency
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hwall Wall thickness
j Generation number
Lij Serial inductance

I Vessel length

N Number of vessels per generation
P Pressure

Q Flow rate

r Vessel radius

Rd Distal resistance

Rsij Serial resistance

Rypij Parallel resistance

Z Impedance

a Womersley number

P Blood density

U Dynamic blood viscosity
Lwall Wall viscoelasticity
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Figure Caption List

Figure 1 (@) Simplified vascular anatomy highlighting the vessels and
locations for collection of pressure and flow waveforms. (b)
Phase contrast flow analysis demonstrating cross-sectional
views of the portal vein (PV) and hepatic artery (HA) with
regions of interest drawn along the vessel perimeter to allow
for calculation of flow rate (mL/min).

Figure 2 Methodological approach to obtain and calibrate a liver-specific

lumped parameter model for Fontan patients.

Figure 3 (a) Lumped parameter model of a Fontan liver based on the
model of Debbaut et al. [18], (b) reduced configurations of a nt-
Windkessel model, and (c) representation of a transmission line

of length Az.

Figure 4 Mean pressures across the generations of the liver vasculature for
patient 5. Hepatic artery (HA) tree is generations 1 to 18, portal
vein (PV) tree is generations 3 to 18, and hepatic vein (HV) tree
IS generations 19 to 31.

Figure 5 Hepatic artery (HA) impedance moduli and phase angle values
between 0 to 10 Hz along with the best fitted reduced -
Windkessel model (WKr) and electrical model impedances.
Panels (a) and (b) present the spectra for patient 5, and (c) and

(d) for patient 1.
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Figure 6 Comparison of hepatic vein outlet pressures from the model and
patient (Pt.) measurements, where patients 1, 5, and 6 have

TCPC anatomies and patients 2, 3, 4, and 7 have AP anatomies.
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Table Caption List

Table 1

Table 2

Table 3

Table 4

Table 5

Patient demographics.

Summary of measured mean flow rates and pressures along

with reference values for healthy non-Fontan controls.

Rs multiplier values and model prediction for Pev and PPG.
Parameters for reduced WKz model fitted to the Zna modulus.

Optimal multiplier values used for tuning the model parameters.
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AAo pressure waveform
(surrogate for HA pressure)

IVC pressure waveform
(surrogate for HV pressure
if not measured)

PV mean flow=970 mL/min
HV pressure waveform

Flow Volume

HA mean flow=106 mL/min

Wedged HV pressure
(estimate of mean PV and HA flow waveforms
pressure at sinusoids)

Figure 1. (a) Simplified vascular anatomy highlighting the vessels and locations for
collection of pressure and flow waveforms. (b) Phase contrast flow analysis demonstrating
cross-sectional views of the portal vein (PV) and hepatic artery (HA) with regions of

interest drawn along the vessel perimeter to allow for calculation of flow rate.
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Figure 2. Methodological approach to obtain and calibrate a liver-specific lumped

parameter model for Fontan patients.
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Figure 3. (a) Lumped parameter model of a Fontan liver based on the model of Debbaut et

al. [18], (b) reduced configurations of a m-Windkessel model, and (c) representation of a

transmission line of length Az.
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Figure 4. Mean pressures across the generations of the liver vasculature for patient 5.
Hepatic artery (HA) tree is generations 1 to 18, portal vein (PV) tree is generations 3 to

18, and hepatic vein (HV) tree is generations 19 to 31.
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Figure 5. Hepatic artery (HA) impedance moduli and phase angle values between 0 to 10
Hz along with the best fitted reduced n-Windkessel model (WKr) and electrical model
impedances. Panels (a) and (b) present the spectra for patient 5, and (c) and (d) for patient

1.
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Figure 6. Comparison of hepatic vein outlet pressures from the model and patient (Pt.)
measurements, where patients 1, 5, and 6 have TCPC anatomies and patients 2, 3, 4, and 7
have AP anatomies. Note that both pressure and time are presented with different scales in

different graphs.
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Table 1. Patient demographics.

Patient Fontan Type Ageat  Sex

Number PC-CMR
(years)
Group |
1 Lateral tunnel 37 F
2 Atriopulmonary 46 F
3 Atriopulmonary 24 M
4 Atriopulmonary 29 M
Group 11
5 Lateral tunnel 25 M
6 Extracardiac 39 F
7 Atriopulmonary 39 F
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Table 2. Summary of measured mean flow rates and pressures along with reference

values for healthy non-Fontan controls.

Pt. Qprv Ona Pua Puv HVPG
# [ml/min] [ml/min] [mmHg] [MmHg] [mmHg]
(Sys, Dias)
Group |
1 410 84 90 (118/70) 25 5
2 543 584 86 (112/67) 21 1
3 440 90 114 21 1
(158/78)
4 970 106 109 16 1
(142/89)
Group 11
5 1063 268 96 (129/71) 12 1
6 822 309 88 (122/68) 14 1
7 1328 240 84 (101/72) 15 1

Healthy non-Fontan controls
7764349 [33] 251+148 [33] 91 [34] 2-7[35] 3-5[36]
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Table 3. Rsmultiplier values and model prediction for Ppv and PPG.

Pt.# Fpopya Frsny Ppv PPG HVPG
[mmHg] [mmHg]  [mmHg]
mean mean mean
Group |
1 3.036 8.255 45.2 20.2 5
2 0.464 0.724 23.9 2.9 1
3 4315 1541 25.2 4.2 1
4 2.282 0.710 20.3 4.3 1
Group II
5 1.311 0.662 16.4 4.4 1
6 0.996 0.690 17.8 3.8 1

7 1.201 0.499 19.2 4.2 1
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Table 4. Parameters for reduced WKz model fitted to the Zna modulus.

Pt.#  Zua(O Hz) R L C Ry RMSEwk
[mmHg- [MmHg-  [mmHg- [mlI/mmHg] [mmHg-
min/ml] min/ml]  min%/ml] min/ml]
Group |
1 1.07 1.075  3.900x10°3 0.181 0.103 0.0053
2 0.15 0.147 1.367x10® 0.709 0.064 0.0007
3 1.27 1.172  8.600x10°3 0.046 0.006 0.1837
4 0.64 0.640 1.300x10°3 0.429 0.097 0.0035
Group II
5 0.36 0.310 2.589x10% 0.557 0.051 0.0004
6 0.28 0.284  4.630x10* 0.596 0.057 0.0006
7 0.35 0.351  9.508x10° 1.554 0.032 0.0004
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Table 5. Optimal multiplier values used for tuning the model parameters.

Pt. # FC,HA FRp,HA RMSEmodel FC,V FRp,V RMSEPHV

Group I

1 0.323 9.820x10° 0.099 0.121 1.210x10* 0.419

2 0.976 1.529x10% 0.005 0.069 1.200x10% 2.699

3 0.078 9.105x10° 0.117 0.138 1.100x10* 1.513

4 0.772 2.041x10* 0.022 0.875 1.550x10° 1.339
Group II

5 0.964 1.266x10* 0.012 0.222 2.347x10* 0.286

6 1.020 1.459x10* 0.012 0.185 3.090x10° 0.316

7 0.522  1.056x10* 0.016 0.017 1.305x10° 0.501
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