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Abstract

The liver function may be degraded after partial liver ablation surgery. Adverse liver hemody-

namics have been shown to be associated to liver failure. The link between these hemodynamics

changes and ablation size is however poorly understood. This article proposes to explain with a

closed-loop lumped model the hemodynamics changes observed during twelve surgeries in pigs. The

portal venous tree is modeled with a pressure-dependent variable resistor. The variables measured,

before liver ablation, are used to tune the model parameters. Then, the liver partial ablation is

simulated with the model and the simulated pressures and flows are compared with post-operative

measurements. Fluid infusion and blood losses occur during the surgery. The closed-loop model

presented accounts for these blood volume changes. Moreover, the impact of blood volume changes

and the liver lobe mass estimations on the simulated variables is studied. The typical increase of

portal pressure, increase of liver pressure loss, slight decrease of portal flow and major decrease in

arterial flow are quantitatively captured by the model for a 75% hepatectomy. It appears that the

75% decrease in hepatic arterial flow can be explained by the resistance increase induced by the

surgery, and that no hepatic arterial buffer response (HABR) mechanism is needed to account for

this change. The different post-operative states, observed in experiments, are reproduced with the

proposed model. Thus, an explanation for inter-subjects post-operative variability is proposed. The
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presented framework can easily be adapted to other species circulations and to different pathologies

for clinical hepatic applications.

Keywords: Closed-loop lumped model; Hemodynamics; Surgery simulation; Hepatectomy;

Validation; Swine.

1. Introduction

Major liver resection (partial hepatectomy) is being performed to treat liver lesions or for adult-

to-adult living donor liver transplantation. Due to liver regeneration, during the post-operative

period of a few months, the patient re-gains a normal liver mass. However, sometimes liver function

is poorly recovered and post-operative liver failure may occur.

Liver hemodynamics is modified by the surgery, which increases the resistance to flow of the organ.

To understand it is not easy, partly because the liver is perfused by both arterial and venous blood.

Although high portal pressure (Allard et al., 2013), high portal flow (Iida et al., 2007; Vasavada

et al., 2014), and high hepatic venous pressure gradient (Sainz-Barriga et al., 2011) are associated

with post-surgery liver failure, the link between resected volume and hemodynamics changes remains

unclear. Since the liver receives around 25% of the cardiac output, hepatectomy may impact the

whole blood circulation. Thus the present work aims to develop a mathematical model to explain the

various hemodynamics changes observed in experimental surgeries of twelve pigs. Pig is considered

a good animal model for liver.

The proposed model is constructed to satisfy the following requirements. First, the equations must

be numerically fast to solve, to explore a diversity of hypotheses with all the pigs data. Second,

the number of parameters must remain small enough so that calibration is tractable. Finally, the

whole blood circulation must be taken into account, and hepatectomy dynamically modeled. Con-

sequently, a closed-loop lumped model (also called 0D model), taking into account the liver and

groups of organs, is presented.

Different groups have worked on liver hemodynamics modeling, at different liver scales and for

various applications. Liver lobule porous models have been proposed, to model glucose transport

2



and metabolism (Ricken et al., 2015), to study the influence of a septum and tissue permeability

(Debbaut et al., 2014b), including in cirrhosis (Peeters et al., 2015) or to simulate the impact of

deformation on pressure-flow relation (Bonfiglio et al., 2010). At the organ scale, liver π lumped

models for multiple vascular generations have been used to study the hypothermic machine perfusion

(Van Der Plaats et al., 2004; Debbaut et al., 2014a). A lumped model of the splanchnic and liver

circulation has been proposed to illustrate the link between hepatic venous pressure increase, vessel

contractility and liver interstitial fluid (Chu and Reddy, 1992). Models have been developed on

transport and diffusion of a compound in the liver, including whole-body pharmacokinetics models

(Schwen et al., 2015) or to study tumor detection with Magnetic Resonance Images (Bezy-Wendling

et al., 2007). Convection is based on resistive models of the different generations of arterial and

venous trees. In (Lukeš et al., 2014), the flow in liver arterial and venous trees is modeled for the

first generations with Bernouilli equation, while a porous media models the flow in the smallest

vessels. The trees geometry is based on CT-scans. Hepatic artery flow 3D CFD simulations for

rigid and flexible walls have been performed in (Childress and Kleinstreuer, 2014) to study direct

drug-targeting. Liver models have also been developed to study the impact of liver surgery. Flow

behavior for different H-Graft diameters has been studied with a resistive model and compared to

clinical observations in (Rypins et al., 1987). A 3D CFD simulation has been performed in the

portal vein before and after right lobe hepatectomy in (Ho et al., 2012). The surgery was simulated

by changing the geometry. Similarly, for a two-lobe liver lumped model, driving conditions were

kept unchanged before and after hepatectomy. Various resection sizes and two different surgical

techniques have been simulated using a resistance model, based on cast reconstruction, of rat liver

vasculature (Debbaut et al., 2012). Most of these works thus do not consider the dynamics induced

by the surgery or the interaction with the rest of the circulation.

The present work proposes to model liver partial ablation dynamically, with a closed-loop 0D

model of the cardiovascular system and the liver. In (Audebert et al., 2016), we have proposed a

numerical scheme for 1D hemodynamics models, and explored in a generic 1D-0D pig model the hep-

atic artery waveforms, to understand the experimental changes observed during hepatectomy. Here,

the impact of the surgery on the liver and on the whole body hemodynamics is identified. Moreover
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the consequences of blood loss and infusion are studied. The simulations, done for twelve pigs, are

quantitatively compared to experimental measurements from 75% pig hepatectomy. Prediction of

hemodynamics changes relies partly on liver lobe masses. Thus, several options are tested. The paper

is organized in the following manner. Section 2 presents the available experimental measurements,

the cardiovascular and liver models and their parametrization. Section 3 shows partial hepatectomy

simulation results and comparison with measurements. Section 4 discusses model capabilities.

2. Methods

2.1. Liver surgery - experimental measurements

Hepatectomies are performed on several pigs to study the hemodynamics impacts. Approval of

the committee of ethics of animal research, ministry of higher education and scientific research and

ministry of agriculture and fishing was obtained. The pig liver is composed of five lobes, usually

considered as three main lobes (Court et al., 2003): left lobe, median lobe (subdivided in left medial

and right medial lobes) and right lobe (subdivided in right lateral and caudate lobes). The median

and left lobes are resected. Since the median lobe is around twice the size of left and right lobes,

around 75% hepatectomy is performed.

During surgery, several measurements are continuously recorded. Three pressures and three flows

are the basis of parameter tuning and model validation. These measurements are averaged over 20

seconds during a stable state of the surgery. Pre-resection and post-resection (immediately after

surgical clamping) states are considered. The carotid artery (CA), portal vein (PV) and central

venous (CV) pressures are measured. The later is a surrogate for the hepatic vein (v) pressure. The

flows are recorded in the aorta above the celiac trunk (celiac aorta), the hepatic artery (HA) and

the portal vein. Cardiac output (CO) is estimated assuming celiac aorta flow is around 60% of CO

(Lantz et al., 1981) (assuming humans and pigs flow distributions are similar (Swindle et al., 2012)).

Heart rate is computed from the CA pressure measurement.

Before and after the surgery a CT-scan is performed with a Siemens Somatom AS definition 128

machine. Image acquisitions are done before, 15, 35, 55 and 75 seconds after injection of 75 ml of

iohexol 350mg/ml (Omnipaque, GE Healthcare) with a rate of 5 ml per second. From the CT-scans

liver volumes are estimated. After ablation, the removed liver is weighted; left and median lobe
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Mass assumption A1 A2 A3 A4
Total liver mass estimate with estimate with sum of lobe sum of lobe

pre-op CT-scan pre-op CT-scan masses masses
Left lobe mass 1/3 planned resected weight after weight after weight after

mass (pre-op CT-scan) resection resection resection
Right lobe mass planned remaining total mass minus equal to left estimate with

mass (pre-op CT-scan) left and median lobe masses lobe mass post-op CT-scan
Median lobe mass 2/3 planned resected weight after weight after weight after

mass (pre-op CT-scan) resection resection resection

Table 1: The different mass assumptions description of the total liver, left lobe, right lobe and median lobe. Their
degree of certainty increases, and conversely their degree of predictability decreases from A1 to A4: preop calculation,
peri-op calculation possible, post-op calculation.

masses are then assessed. To estimate the liver masses, four different assumptions are made as

described in Table 1, with varying predictive capabilities.

2.2. 0D closed-loop model

A 0D hemodynamics model of the entire cardiovascular system (Liang and Liu, 2005; Segers et al.,

2003) is coupled to a new model of liver that is structured by lobes. The model aims to represent

hepatectomy, i.e. the resection but also other related phenomena. Hence, only the involved organs

are included, resulting in five blocks (figure 1).

Lungs (i = L), digestive organs (i = DO) and other organs (i = OO) are represented by three-

element Windkessel models: 
Ci
dP i

p

dt
= Qi

a −Qi
v

Ri
pQ

i
a = P i

a − P i
p

Ri
dQ

i
v = P i

p − P i
v

(1)

where for block i Qi
a and Qi

v are arterial and venous flows, P i
a, P i

p and P i
v are arterial, proximal and

venous pressures, Ri
p, Ri

d and Ci are proximal and distal resistances and capacitance (figure 1).

Heart model. The heart model is based on (Suga and Sagawa, 1974; Pennati et al., 1997; Liang

et al., 2009; Blanco and Feijóo, 2013). To obtain smooth, yet sharp, transitions between open and

closed valves, logistic functions are used for valves (Audebert et al., 2016).
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Liver model. The liver tissue is perfused with venous blood through PV and arterial blood through

HA and drained by the hepatic vein. The liver main lobes are represented by three blocks in parallel

(figure 1), related to the left heart (arterial input), digestive organs (venous input) and right heart

(venous output) compartments. Within each lobe, the HA tree is represented by a single resistance.

The PV tree is modeled by a non-linear resistance to represent pressure (P ) dependent resistance

(R), the subscript 0 labelling before resection:

P − P0 −K

((
R0

R

)5

−
(
R0

R

)−0.75
)

= 0, (2)

This equation is derived from a vein tube law relating pressure and area (Shapiro, 1977; Pedley

et al., 1996): P − P0 = K
(

(A/A0)
10 − (A/A0)

−1.5
)

. Then, the area and the resistance are related

assuming Poiseuille flow. Finally, liver tissue and hepatic vein trees are modeled with a capacitance

and a resistance (Bennett and Rothe, 1981).

The resistances and capacitance in a lobe are assumed, as a first approximation, proportional to

lobe mass inverse and lobe mass respectively. Thus, for each lobe:



Pa − Pt,i = Rha
M

Mi
Qa,i

Ppv − Pt,i = Rpv(Ppv)
M

Mi
Qpv,i

Pt,i − Pv = Rl
M

Mi
Qv,i

ClMi
dPt

dt
= Qa,i +Qpv,i −Qv,i

(3)

where Pa, Ppv, Pt,i and Pv are respectively the pressure for artery, portal vein, ith lobe tissue and

venous pressure. Qa,i, Qpv,i and Qv,i are HA, PV and hepatic venous flows in lobe i respectively.

M and Mi are the liver and lobe i mass estimations. Rha, Rpv, Rl are resistances for HA tree, PV

tree, and liver tissue and hepatic venous tree. Cl is the liver tissue capacitance per liver mass, the

only liver non pig-specific parameter.
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Partial hepatectomy simulation. To model median and left lobes resection, the corresponding HA

and PV resistances are multiplied by a function dependent on T75, the resection time:

r(t) =

 1 if t < T75

exp(5(t− T75)) otherwise
(4)

Infusion or bleeding modeling. During surgery, blood and lymph losses and evaporation due to open-

abdomen occur. Anesthetists thus infuse fluid. Consequently blood volume is not constant. In the

model, systemic venous flow is thus changed dynamically by adding or removing flow to represent

bleeding or infusion (Figure 1):

Qi,b(t) =
Vi/b

Di/b(1 + exp(−0.1(∆t− 0.01)))
with ∆t =

 1 Ti/b ≤ t ≤ Ti/b +Di/b

0 otherwise
(5)

Where Ti/b and Di/b are the time and duration of the infusion or bleeding and Vi/b is the added or

removed volume.

Numerical resolution. The model leads to a system of nonlinear differential-algebraic equations,

solved with the IDA package from SUNDIALS (Serban et al., 2015). A Backward Differentiation

Formula is used for time integration, and a Newton method for the resulting nonlinear system.

Statistic tests. A test of equivalence compares the model outputs and the measurements. The

equivalence test null hypothesis is the dissimilarity of the two populations. Thus, the test assumes

the populations are different and uses the data to prove otherwise (Robinson et al., 2005). A

two one-sided t-test (TOST) is used, with the R function TOST in the ”equivalence” package (R

Development Core Team, 2008; Robinson, 2016). For the equivalence test, a region of indifference

has to be defined; here a 10% relative error is chosen. If the region of indifference is contained in

the confidence interval, then the two populations are deemed significantly similar. If not, the null

hypothesis is not rejected (Robinson and Froese, 2004).
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Figure 1: Schematic representation of the 0D closed-loop cardiovascular and liver blood circulations. RCR block and
liver lobe i parameters are shown. Qi,b is the infused or removed flow to account for blood volume changes.
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2.3. Parameter tuning procedure

Based on the available cardiac-cycle-averaged measurements and literature data, model param-

eters are tuned to obtain similar pressures and flows to the measured ones before resection.

Systemic circulation. CA and CV pressure measurements are used as target arterial (Pa) and venous

(Pv) pressures in the model. Combined with CO, the systemic equivalent resistance is computed:

Req = (Pa − Pv)/CO. Similarly, the RCR total resistance for DO is computed with measured Pa,

Ppv and Qpv. The liver tissue pressure (Pt) is estimated assuming that the pressure drop between

PV and liver tissue is 80% of the pressure drop between PV and hepatic vein (Ppv − Pv) (Debbaut

et al., 2012). Combined with the Pa and Qha measurements, the HA tree resistance is computed:

Rha =
Pa − Pt

Qha

Similarly, the liver tissue resistance and the initial portal resistance (R0 in equation (2)) are com-

puted:

Rl =
Pt − Pv

Qha +Qpv
; Rpv =

Ppv − Pt

Qpv

The OO total resistance is then computed: ROO = 1/(1/Req−1/Rha−1/RDO). In the RCR models,

the proximal resistance is assumed to carry 10% and 5% of the total resistance, for the DO and

OO blocks respectively, within ranges in (Raines et al., 1974; Vignon-Clementel et al., 2010; LaDisa

et al., 2011).

Capacitances are fixed (same for all pigs). Other organs capacitance: COO = 7.36 10−4cm5/dyn

(within ranges in (Segers et al., 2000) ; digestive organs capacitance (manually tuned): CDO =

4 10−4cm5/dyn and liver tissue capacitance per mass: Cl = 1.5 10−5cm5/dyn/g (Bennett and Rothe,

1981).

Heart and lung parameters. The amplitude and baseline of heart contraction functions are tuned,

for each pig, to obtain arterial and venous average pressures measured before resection. The heart

contraction times and cardiac cycle are based on the measured heart rate (Table 2). Lung parameters
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Notation Detail Value in second
Tcc Cardiac cycle 60s / heart rate (bpm)
Tvc Ventricular contraction duration 0.34Tcc
Tvr Ventricular relaxation duration 0.15Tcc
Tac Atrium contraction duration 0.17Tcc
Tar Atrium relaxation duration 0.17Tcc
tac Time atrium begins to contract 0.8Tcc
tar Time atrium begins to relax 0.97Tcc

Table 2: Durations and times for contraction and relaxation of the different cardiac chambers. These parameters are
the same for the left and right hearts.

are based on (Blanco and Feijóo, 2013): RL
p = 53.33 dyn.s/cm5; RL

d = 53.33 dyn.s/cm5 and CL =

0.05cm5/dyn.

3. Results

Hepatic surgeons are particularly interested in specific pressure and flow values hypothesized to

be linked to liver failure. The variables of interest are: arterial pressure, PV pressure, the venous

pressure drop Ppv − Pv across the liver, PV flow and HA flow. Simulated and measured values are

compared for these variables.

3.1. Pre-resection stage

The tuning procedure described above (2.3), based on pre-resection measurements, gives good

agreement between pre-resection simulated and measured values. Figure 2 displays the simulated

pressures and flows of interest against the measured ones in logarithmic scale. The dots in figure

2 are nicely aligned along the curve y = x illustrating the good match between the results and

measurements, for all pigs. Parameters are tuned for each animal, thus the inter-animal variability

is well captured. Standard deviations for measured and simulated variables are: 10.4 mmHg for

arterial pressure, 2.4 mmHg for PV pressure, 3.1 mmHg for the pressure drop, 0.06 L/min and 0.18

L/min for HA and PV flow rates respectively.

3.2. Liver partial resection simulation

Impact of liver lobe mass assumptions. The post-resection simulated variables are impacted by the

estimation of the liver lobe masses. Thus, the simulations are run, with the four different mass
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Figure 2: Pre-resection measurements vs simulation values in log/log scale, for each variable (unique color) and for
each animal (one dot). Pressures are in mmHg and flow rates are in L/min.
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Mass assumption A1 A2 A3 A4
Pa 0.2 (0.18) 0.2 (0.18) 0.21 (0.18) 0.2 (0.18)
Ppv 0.28 (0.19) 0.46 (0.57) 0.47 (0.46) 0.37 (0.26)

Ppv − Pv 0.39 (0.26) 0.74 (0.89) 0.56 (0.49) 0.46 (0.38)
Qha 0.63 (0.59) 0.65 (0.75) 0.38 (0.27) 0.27 (0.27)
Qpv 0.48 (0.62) 0.42 (0.59) 0.4 (0.6) 0.44 (0.6)

Table 3: Mean and standard deviation (in parenthesis) of relative error Erel for all the 12 simulations, Erel =
|Xsimu −Xmes| / |Xmes| with Xsimu the simulated and Xmes the measured post-resection variable.

estimations (Table 1), for twelve different pigs and compared with measurements. Table 3 shows

mean and standard deviation of the relative error for the different variables and mass assumptions.

The arterial pressure and PV flow are almost not impacted by the lobe mass differences (at most

20% difference). The lobe mass estimations have a significant impact on PV pressure (at most 68%

difference), the pressure drop (at most 90% difference), and HA flow (140% maximum difference).

The last mass estimation gives the smallest relative errors (in average), thus this mass assumption

is kept for the rest of the simulations. It is indeed the least predictive assumption but gives as

expected the best simulation results.

Hepatectomy simulation. The simulation results averages for twelve pigs are compared to the mea-

surements (Figure 3) before and after resection. After liver resection, on average, 45% increase of

PV pressure and 98% increase in pressure drop are measured. A small decrease in arterial pressure

of 12% is observed. Moreover, a large decrease in HA flow, 74%, and a smaller decrease in PV flow,

30%, are measured. In the model, in average, 66% increase for PV pressure and 110% increase for

pressure drop are simulated. The fact that these pressures increase is coherent with the measure-

ments, but these increases are overestimated. The arterial pressure decrease is only 3%. The model

underestimates the decrease of PV flow (5%), but captures well the HA flow decrease of 75%.

Taking into account changes in blood volume. During surgery, the total volume of blood in the

circulation varies. Estimating its loss or gain is complex. However, pressures are strongly linked

to the circulating blood volume. Thus, the changes observed in arterial pressure measurements are

used to estimate the change in blood volume. The volume added or removed is chosen such that the

simulated post-resection arterial pressure corresponds to the measurement. Therefore a decrease of

12% in arterial pressure is obtained with the model.
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Before resection After resection
Blood volume constant Blood volume changes

p-value 3.3 10−23 0.94 0.027
result Reject Not reject Reject

Table 4: p-values for TOST test between the 12 simulated post-resection variables and measurements. The simulations
include or not the changes in blood volume.

Figure 3 displays the simulated variables, taking into account the change in blood volume, averaged

over twelve pigs. Pressures are largely impacted by changes in blood volume. The model agrees

well with the measurements for PV pressure and pressure drop, with increases of 43% and 82%

respectively. HA flow is still correctly simulated, with a 79% decrease, and PV flow is improved,

with 23% decrease, however is still overestimated.

Similarity of measured and simulated populations. The model ability to reproduce the animal popu-

lation variability is verified with a two one-sided t-test. The A4 mass assumption is used to perform

the simulations. The test is performed with and without blood volume changes. For each variable of

interest and each simulation the relative error is computed. The test is performed on the obtained

relative error vectors. The results and p-values are given in Table 4. According to the test p-values

the null hypothesis is rejected for the pre-resection simulation, with 10% relative error for indiffer-

ence region. More precisely, the simulated variables and the measurements, before resection, are

significantly similar. The null hypothesis is not rejected for post-resection simulation without blood

loss changes, with 10% relative error for indifference region. Meaning, there is insufficient evidence

to reject the null hypothesis. This result may occur, because the model output and the measure-

ments really differ or because the sample size is too small to conclude. Finally, with a 10% relative

error indifference region, post-resection simulation with blood volume changes and measurements

are significantly similar. Taking into account blood volume changes knowing the change in arterial

pressure, improves model outputs.

4. Discussion and conclusion

Measurements explained by modeling. The behavior of the measured pressures and flows during 75%

hepatectomy are analyzed using the model. The observed HA flow decrease corresponds exactly to

13



0,00	  

5,00	  

10,00	  

15,00	  

20,00	  

25,00	  

30,00	  

35,00	  

40,00	  

45,00	  

50,00	  

55,00	  

60,00	  

65,00	  

70,00	  

Ppv	  (mmHg)	   Ppv	  -‐	  Pv	  (mmHg)	   P	  arterial	  (mmHg)	  

Mes	  :	  before	  resecAon	  

Sim	  :	  before	  resecAon	  

Mes:	  aDer	  resecAon	  

Sim	  :	  aDer	  resecAon	  

Sim	  :	  blood	  volume	  changes	  

(a) Pressures

0,00	  

0,05	  

0,10	  

0,15	  

0,20	  

0,25	  

0,30	  

0,35	  

0,40	  

0,45	  

0,50	  

0,55	  

0,60	  

0,65	  

0,70	  

0,75	  

0,80	  

0,85	  

0,90	  

0,95	  

1,00	  

1,05	  

Qha	  (L/min)	   Qpv	  (L/min)	  

Mes	  :	  before	  resecBon	  

Sim	  :	  before	  resecBon	  

Mes:	  aDer	  resecBon	  

Sim	  :	  aDer	  resecBon	  

Sim	  :	  blood	  volume	  changes	  

(b) Flows

Figure 3: Measurements (full) and simulations (dash) at different states of the surgery: pre-resection, post-resection.
Simulations with (dashed green) and without (dashed red) blood volume changes are represented for the A4 mass
assumption (a) pressures and (b) flows.
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the increase of the HA tree resistance due to the 75% liver resection, without HABR being needed.

At leading order, the liver arterial system behaves as ∆P = RQ, with ∆P the arterial pressure

drop, which remains almost constant, R the liver resistance and Q is the HA flow. The 75% liver

resection induces the HA tree resistance increase of 75%, thus explaining the decrease of HA flow.

The arterial pressure is not impacted by the liver resection because the HA and liver resistances

are small compared to the rest of the systemic circulation. However in average it decreases by 12%

in the measurements. This decrease is a consequence of the blood loss, as proven with the model.

PV flow measurements, in average, decrease by 30%. The main decrease is due to blood (volume)

loss. This is reinforced by the fact that animals with larger blood losses have a more important PV

flow decrease. However the simulations, without blood loss, show that 75% liver resection accounts

for a decrease of portal flow of around 5%. The measured PV pressure and venous pressure drop

increase by 45% and 98% respectively. The portal pressure increase is expected given the increase

of PV tree and liver resistances due to resection. However it is compensated by three mechanisms:

interaction with the rest of the circulation which causes PV flow to decrease, the lessen increase

in PV tree resistance due to dilation and the general pressure decrease due to blood loss. Indeed,

the simulations without blood volume change predict a 66% increase of portal pressure and adding

the blood losses the increase is 43%. If the venous pressure remains constant during surgery, the

pressure drop would increase by 110% as simulated with the model. However, the measured CV

pressure decreases by 33%. Thus, the blood losses lead to all venous pressures decrease, and an

increase in the pressure drop estimated as 82% in the simulations.

Sensitivity and variability. The liver lobe mass estimations impact the post-resection simulated

variables due to the fact that the liver lobe resistances and capacitances depend on lobe masses. The

mostly impacted variables are PV pressure, the pressure drop and HA flow. This is expected since

arterial pressure and portal flow, are strongly dependent on heart and digestive organs parameters

respectively. A better estimation of the liver lobe masses may improve post-resection simulated

variables.

Moreover, several events happen during the surgery due to surgical acts, anesthetists interventions

etc. Here, the model demonstrates that taking into account the change in blood volume improves

the simulated post-resection prediction, knowing e.g. the change in arterial pressure measurements.
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In terms of variability, the simulated results are in good agreement with the measurements, both for

pre-resection and post-resection with blood volume changes, according to the TOST tests. The tests

also show that taking into account blood loss significantly improved the model outputs agreement

with the measurements.

Pressure and flow changes due to hepatectomy without any volume change are also simulated with

the model. Theses results may represent the state after the surgery, once the blood volume is back to

the pre-resection volume. Under this assumption, the portal pressure and pressure drop, important

for liver failure (Allard et al., 2013), may be underestimated with intraoperative measurements.

Thus, for a 75% liver ablation, the model predicts an increase, in the following post-operative days

of 110% instead of 82% for the pressure drop and 66% instead of 43% for portal pressure.

The simulation results for each animal are presented in Table 6. Among animals, various post-

resection behaviors are obtained with the simulations. For example, without change in blood volume,

for animal iF03 PV flow is almost unchanged (decrease by 1.7 %) compared to iF12 for which it

decreases by 13% (Table 6). The simulated blood volume change is adapted on an animal basis to

the arterial pressure change. For animal iF02 a loss of 200 ml is simulated compared to animal iF08

for which a volume infusion of 200 ml is modeled (Table 6). Therefore, the model is able to simulate

the different hemodynamics states that occur post-resection.

Future work. In summary, this work presents the first dynamics model of liver ablation. Its valida-

tion based on pig data is promising; the model is able to capture and explain the main features of

hemodynamics changes due to the surgery as well as its variability among pigs, and may give insights

about other states (e.g. day post-surgery) when measurements are difficult to take. HABR does

not seem needed to explain the data. Future work will include the adaptation of the liver model to

human liver anatomy. Moreover, in this work, several pressure and flow measurements were available

at different stages of the surgery. The pre-resection measurements were used for parameter tuning.

In patient surgeries less measurements are available. Furthermore, the model and measurements in

this work are for a healthy (pig) liver. However the liver of the patients treated with partial hepatec-

tomy is generally not healthy. For example, collateral circulations can appear (Pinzani and Vizzutti,

2005), and the liver resistance and capacitance parameters can change. Thus, future work is needed

to integrate these considerations. Despite this, the framework in place can easily be adapted to
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include various measurements and different pathologies for clinical applications. Finally, the model

can be a basis to compute how much to control portal flow in order to avoid liver-failure related

hemodynamics ranges (Iida et al., 2007; Vasavada et al., 2014; Sainz-Barriga et al., 2011; Allard

et al., 2013).
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Average Std
Heart

HR (1/min) 90 8
EaRA (dyn/cm5) 153 23
EbRA (dyn/cm5) 55 42
EaRV (dyn/cm5) 798 9
EbRV (dyn/cm5) 66 42
EaLA (dyn/cm5) 200 0
EbLA (dyn/cm5) 400 0
EaLV (dyn/cm5) 1992 29
EbLV (dyn/cm5) 318 85

VRA.0 (ml) 4 0
VRV.0 (ml) 10 0
VLA.0 (ml) 4 0
VLV.0 (ml) 5 0

Other Organs
ROO

p (dyn.s/cm5) 95.8 26.7
ROO

d (dyn.s/cm5) 1809.1 1030.5
COO (cm5/dyn) 7.36e-4 0
Digestive Organs
RDO

p (dyn.s/cm5) 478.3 111.9
RDO

d (dyn.s/cm5) 4305.8 1006.7
CDO (cm5/dyn) 3e-4 0

Liver
Rha (dyn.s/cm5) 2.81e4 1.64e4
Rpv (dyn.s/cm5) 3.71e2 3.10e2
Rl (dyn.s/cm5) 7.36Ee1 5.83e1

M (g) 863.2 88.3
Mll (g) 207.3 101.8
Mml (g) 417.0 74.7
Mrl (g) 238.8 72.1

Table 5: 0D closed-loop model parameter values average and standard deviation for the 12 animal simulations.

Appendix

In this appendix, tables present the closed-loop lumped parameter averages and standard devi-

ations and the results of the twelve simulations with and without blood volume change.
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Animals iF01 iF02 iF03 iF06 iF08 iF09 iF010 iF011 iF012 iF014 iF016 iF2A
Pa (mmHg)

pre 63.5 50 48.7 49.7 35.5 60.5 54.2 51.8 58.6 45.2 76.7 52.7
post constant vol 64.1 52.4 49.4 51.5 36.6 63.7 57.9 53.6 60.6 48 78.3 53.6
post vol change 56 28.5 49.4 38.5 41.3 52.3 50.4 43.9 49.9 48 53.7 39.2
vol change (ml) -200 -700 0 -400 200 -300 -200 -300 -300 0 -500 -400
Ppv (mmHg)

pre 6.6 5.5 7 8.4 6 8.1 9.7 10.6 10.9 4 5 4.1
post constant vol 8.22 10 9.1 12.6 7.8 16.6 17.3 17.9 19.1 8.7 8.5 6.5
post vol change 7.4 6.3 9.1 10 8.7 14.2 15.5 15.2 16.3 8.7 6.4 5.1
vol change (ml) -200 -700 0 -400 200 -300 -200 -300 -300 0 -500 -400
Ppv − Pv (mmHg)

pre 2 2.3 1.3 3.1 1.3 7.4 7.6 9.2 9.2 2.2 3 2.8
post constant vol 3.62 6.8 3.4 7.3 3.2 15.9 15.3 16.5 17.4 6.9 6.5 5.2
post vol change 3.4 4.6 3.4 6.1 3.5 13.7 13.7 14 14.9 6.9 5 4.2
vol change (ml) -200 -700 0 -400 200 -300 -200 -300 -300 0 -500 -400
Qha (L/min)

pre 0.12 0.22 0.06 0.2 0.2 0.21 0.24 0.18 0.21 0.23 0.11 0.11
post constant vol 0.05 0.04 0.01 0.05 0.06 0.05 0.06 0.05 0.05 0.04 0.03 0.04
post vol change 0.04 0.02 0.01 0.04 0.06 0.04 0.05 0.04 0.04 0.04 0.02 0.03
vol change (ml) -200 -700 0 -400 200 -300 -200 -300 -300 0 -500 -400
Qpv (L/min)

pre 0.98 1 0.59 1.12 0.73 0.68 0.88 0.64 0.69 0.67 0.97 0.67
post constant vol 0.96 1 0.58 1.1 0.71 0.61 0.81 0.56 0.6 0.64 0.95 0.66
post vol change 0.84 0.52 0.58 0.78 0.8 0.49 0.69 0.45 0.49 0.64 0.64 0.48
vol change (ml) -200 -700 0 -400 200 -300 -200 -300 -300 0 -500 -400

Table 6: Simulation results for the 12 different pigs before resection (pre), after resection with constant blood volume
(post constant vol) and after resection with constant blood volume (post vol change) for : arterial pressure Pa, portal
vein pressure Ppv , pressure drop Ppv − Pv , hepatic artery flow Qha and portal vein flow Qpv . The amount of volume
added or removed for the simulation is given (vol change line).
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