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a b s t r a c t 

Budd–Chiari syndrome (BCS) is a rare liver disease characterised by the obstruction of draining hepatic 

veins, and subsequent reduced blood return to the heart. Although many clinical BCS studies have been 

reported, few studies have quantified the associated changes that occur in the entire hepatic circulation. 

In this communication, we present an electrical analog model of the hepatic circulation that incorporates 

the Hepatic Arterial Buffer Response (HABR) mechanism in both the left and right lobes. Using this model 

we can simulate the hepatic flow under both normal and acute BCS conditions. The model can capture 

subtle features in the hepatic circulation, such as reduced total portal flow but increased arterial flow 

under BCS. This observation was previously reported in literature and may have clinical implications. 

As such, we suggest the presented model could be used for the analysis of systematic haemodynamic 

changes of BCS and therefore may be useful in supporting clinical interventions. 

© 2019 IPEM. Published by Elsevier Ltd. All rights reserved. 
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1. Introduction 

The liver has extensive vasculatures to serve its primary roles

of oxygen and nutrient delivery, metabolism and drug detoxifica-

tion. In brief, the liver vasculature is composed of a dual supply

system: a portal venous (PV) network and a hepatic arterial (HA)

network, which are both drained by a hepatic venous (HV) net-

work consisting of left, middle and right branches ( Fig. 1 , inset (a))

[1] . The liver parenchyma may be divided into eight segments ac-

cording to the Couinaud classification [2] . In this classification, the

middle hepatic vein (MHV) is used to split left (segments II–IV)

and right lobes (segments V–VIII), hence the MHV may drain blood

flow from both left and right lobes. 

Budd–Chiari syndrome (BCS) is a rare liver disease that is char-

acterised by obstruction of HVs, and thereby leads to the poor

blood drainage [3,4] . BCS can be further classified into primary BCS

which is caused by thrombosis in the HVs, or secondary BCS which

is due to invasion or compression of HV tracts from tumours [3,5] .

The manifesting flow congestion causes ascites, stomach bloat-

ing, abdominal pain and hepatomegaly (swollen liver) [1] . Clinical

treatments aim to alleviate HV obstruction and portal hypertension

via a graded treatment approach including anti-coagulation medi-

cation, endovascular therapy, and surgical shunting [1] . 
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Hemodynamic data have been rarely collected from BCS pa-

ients (see, for example, Cazals-Hatem et al. [6] ). However, few

uantitative studies have examined changes that occur in the hep-

tic circulation under BCS. The aim of this work is to build a com-

uter model which is not overly complicated, yet can still capture

ajor hemodynamic changes resulting from BCS. These findings

ay have clinical relevance in terms of pre- and post-surgical in-

ervention. 

. Methods 

.1. A baseline electrical analog model 

In a previous study by Ho et al. [7] an electrical analog model

as used to simulate the Hepatic Arterial Buffer Response (HABR)

ffect, whereby the changes in HA flow counteracts that of the PV

ow [8] . The analog model of Ho et al. [7] however does not differ-

ntiate blood flow into the left and right lobes, which is necessary

n characterising the BCS condition, as the incidence of occlusion

n the right HV is four times higher than the left HV [9] . 

In order to more accurately represent the BCS condition, we ex-

anded the electric analog circuit by separating the PV and HA into

 lumped second generation to represent left and right branches.

he same process was applied to the HV, where the second gen-

ration is constructed of left, middle and right trunks, as shown

n Figure 1 , inset (a). In the improved model, each vasculature
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Figure 1. Schema of the electrical analog model representing three vasculatures (PV, HV, and HA) to their second generation. (a) Vascular anatomy of the liver, the dotted 

line splits the liver into left and right lobes; (b) The pi-filter for the right HV, note that a switch was introduced to occlude the segment. Gain1 in inset (b) is the intermediary 

in unit conversion from current to flow rate. Abbreviations: HA – hepatic artery; PV – Portal vein; HV – hepatic vein; IVC – inferior vena cava. 
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s represented by a single pi-filter (one is shown in inset (b) of

ig. 1 ). Non-linear resistors were used for HAs to simulate the

ABR effects [7] . 

The circuit contains 30 resistors, 20 capacitors, and 10 inductors

n total. The parameters attributed to the electronic elements were

aken from two previous studies [7,11] . In brief, each pi-filter con-

ains four parameters ( R s , R p , C and L , as indicated in Fig. 1 (b)) that

epresent resistance to blood flow, vessel viscoelasticity and com-

liance, blood inertial force, respectively. These are calculated from

he data provided in Debbaut et al. [10] . Furthermore, the model

arameters are calibrated by evaluating flow distribution into the

eft and right lobes as per the mass volume ratio [11] since the

odel in Debbaut et al. [10] does not differentiate left and right

ranches. The nominal values for electric analog components and

onversion coefficients to blood flow are provided in the Supple-

entary file. 

The model was implemented using the SimPowerSystem tool-

ox in SimuLink of Matlab. The Matlab differential equation solver,
 t
de32, was used for the numerical computation of the electric ana-

og model. An arterial pressure waveform ranging between 80 and

20 mmHg and a PV pressure of 8 mmHg ( Fig. 2 (a)) were the

mposed boundary conditions. A fully-annotated circuit diagram is

rovided in the on-line supplement. 

.2. Electrical analog model for BCS 

Under BCS, the HV lumen is drastically reduced or even oc-

luded, as such the return of blood from the liver to the heart is

ifficult. From a hemodynamic point of view, this is equivalent to

 much higher resistance to blood flow which could be simulated

y a resistor of much increased resistance value or an electrical

witch. We selected the case of acute right HV occlusion among

arious BCS scenarios due to its high prevalence [9] . According to

 clinical study of 101 BCS patients [9] , right HV occlusion occurred

n 82% (83 of 101) of the patients, and is thus of most clinical in-

erest. 
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Figure 2. Nominal pressure and flow simulation in HA, PV and HV from the baseline model: (a) the sinusoidal pressure and hepatic vein pressure were 3, and 5–7 mmHg, 

respectively; (b) portal flow contributes to 75% of the hepatic circulation. 
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In order to simulate this flow occlusion, a switch was intro-

duced in the circuit to disconnect the right HV from the main HV

trunk ( Fig. 1 inset (b)). Occlusion of other HV locations can be han-

dled in a similar fashion. 

For model validation, the simulation results of baseline model

representing a healthy adult subject are compared with flow and

pressure data obtained from the literature [8,12] . For the BCS sim-

ulation, we refer to the qualitative descriptions available in the lit-

erature (e.g., Cazals-Hatem et al. [6] ). 

3. Results 

3.1. Baseline model 

A simulation for the hepatic circulation was first made using

the baseline model to ensure that the values were physiologically

relevant. The results are shown in Figures 2 and 3 . The simulated

sinusoidal pressure and hepatic vein pressure were 7–8 mmHg and

3–5 mmHg respectively, whilst the flow rates in the PV, HA and

HV networks were 1125 mL/min, 375 mL/min and 1500 mL/min,

respectively. This indicates that portal flow contributes to 75%

( = 1125 mL/1500 mL) of the total hepatic flow. These flow and

pressure data are consistent with that reported elsewhere [8,12] . 

Figure 3 shows the flow distribution in the left and right PV

and HA branches. In general, the left HA and PV supply about

35% of the total hepatic flow because the left lobe is smaller than

the right lobe and thus necessitates a lower flow rate to maintain

homeostasis of the liver hepatocytes [12] . 

The HV drainage is more complicated because the middle HV

drains both left and right lobes. Furthermore there are significant
V variations among different subjects. Without losing generality,

e assumed that the drainage through the right, middle and left

Vs were ∼70 0 mL, ∼50 0 mL and ∼30 0 mL, respectively based on

he average mass volume percentage [11] . 

.2. Right HV obstruction model 

Having established a baseline for the hepatic flow, we exam-

ned the haemodynamics in the presence of BCS using the meth-

ds described in Section 2.2 . We hypothesised that acute right HV

cclusion would cause substantial flow redistribution in the liver

ue to the larger volume of the right lobe. A direct consequence

f the syndrome is the accumulation of blood in the sinusoids and

ortal vein in the right lobe, which could cause sinusoidal and por-

al hypertension [1,3] . However, we assumed that the accumulated

lood in the large right lobe may still be drained through anas-

omosis into the middle and left HVs, which are patent. There-

ore the overall hepatic flow rate does not change drastically as

bserved in Figure 4 , where a complementary increase in flow is

bserved in the middle and left HV that appears to complement

he occlusion of the right HV. 

More specifically, a simulation was made for 60 cardiac cycles

1 s per cycle), assuming the switch on the right HV network was

urned off at 30 s. The simulation results are shown in Figures

 and 5 . In Figure 4 , the flow in the right HV was zero as it was

ccluded. However, there were substantial flow increases in both

iddle ( ∼65%) and left HVs ( ∼77%) to drain the redirected flow

rom the right lobe. 

It can be seen from Figure 5 (b) that the right PV flow re-

uces and is drained by the middle HVs ( Fig. 4 ). On the other
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Figure 3. Nominal flow simulation in right, left branches of (a) HA, (b) PV, and (c) drainage in left, middle and right HV. 
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and, the right HA flow increases due to HABR ( Fig. 5 (a)). This

nteresting phenomenon was also observed in BCS patients to re-

eive liver transplantation [6] . Meanwhile, the flow in the left PV

ncreases (by ∼50% to 580 mL) to maintain the total PV flow

 Fig. 5 (d)). However, there was slight decrease (6%, from 1150 to

080 mL/min) of total portal flow after right HV occlusion. This is

aused by a higher resistance in the smaller vascular bed that is

equired to drain the total portal flow. 

. Discussion and conclusion 

BCS is typically characterised by an occlusion of a major hep-

tic vein. This can be modelled as a much higher resistance in HV

asculature than normal. Through the presented computer model

e have reproduced some subtle flow features which have been

bserved clinically. For example, Cazals-Hatem et al. studied pre-
ransplantation BCS patients and reported that 94% of those (16

f 17) had reduced portal perfusion [6] but increased arterial flow,

xactly as we have shown in Figure 5 (a) and (b). This phenomenon

an cause arterial hyperemia which may further contribute to the

evelopment of large regenerative nodules [6] . 

The circuit presented herein represents major improvements

ver the previous model of Ho et al. [7] in that the HABR effect

s incorporated in both left and right lobes. Due to lack of in vivo

easurements, we still had to estimate vasculatures parameters

nd impose boundary conditions from healthy livers, and assume

hese are unchanged in BCS [6] . This suggests that the simulations

hown here are more likely to describe the initial flow changes re-

ulting from BCS; and without further knowledge of how the ves-

el mechanics and geometry changes over time, further improve-

ents in the model and flow analysis would be difficult. 
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Figure 4. Flow drainage simulation after right HV occlusion: right HV flow was zero due to occlusion, yet flow in middle and left HV increased to mean 860 mL/min and 

575 mL/min respectively. 

Figure 5. Blood supply to the left and right lobes after an acute occlusion of the right HV: (a) the right HA flow increases due to HABR whilst (b) the right portal flow drops 

sharply; (c) and (d) both left HA and PV flows increase to maintain the total hepatic flow. 
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It should be mentioned that although the present model was

sed for a typical BCS situation (right HV occlusion) it can also be

dapted to other BCS cases, e.g. with different HV occlusion sites,

y simply adjusting the circuit layout or parameters. 

In conclusion, the first quantitative model for hepatic circula-

ion under BCS has been introduced in this work. The proposed

odel serves as a reference for other studies of vascular disease in

he liver. 
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