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a b s t r a c t 

The contribution of the longitudinal atrioventricular plane displacement to ventricular pumping has 

drawn more and more attentions. In this paper, differential equations of the left ventricle (LV) are de- 

rived via the atrioventricular piston concept. The contribution of left ventricular radial function to blood 

flow was converted to an equivalent coefficient. A systemic circulatory model incorporating the modified 

atrioventricular piston unit was developed on a switched system form by adding some state-dependent 

switching planes. Simulation results prove that the end-systolic pressure volume relationship of the 

model with a changing systemic arterial resistance is approximately linear and insensitive to pertur- 

bations in afterload. Then the LV model was validated using a data fitting method. A pressure–volume 

loop from a patient undergoing routine diagnostic cardiac catheterization with LV angiography was used 

as measurements. Model parameters and the trapezoidal profile of contraction forces were adjusted 

by a trial method. The root mean squared error between the measured and estimated LV pressure is 

2.99 mmHg. The LV compliance is 0.34 ml/mmHg. The ratio between left ventricular and left atrial cross- 

section is 1.8. Therefore, parameter values used in the modified LV model match physiological data. The 

model can reproduce the realistic pressure-flow relationship in the LV chamber. 

© 2018 IPEM. Published by Elsevier Ltd. All rights reserved. 
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1. Introduction 

Patient-specific heart models have become increasingly power-

ful to improve diagnosis and predict therapeutic effects. Although

great advances have been made to develop the three-dimensional

finite element models [1,2] , lumped-element models are important

tools for characterizing the global function of heart and construct-

ing multiscale models [3] . 

Since the experiments of Suga et al. [4,5] , the concept of time-

varying elastance has been extensively used in cardiovascular sys-

tem simulation and left ventricular assist device design [6,7] . The

model uses a time-varying elastance to represent the pressure–

volume (PV) relationship in heart chambers. Although the end-

systolic pressure–volume relationship (ESPVR) of the left ventricle
Abbreviations: PV , Pressure volume ; ESPVR, End-systolic pressure volume rela- 

tionship; LV, Left ventricle; LA, Left atrium; AVPD, Atrioventricular plane displace- 

ment; AVP, Atrioventricular piston; VC, Ventricular contraction; VR, Ventricular re- 

laxation; AC, Atrial contraction; ABP, Arterial blood pressure; RMSE, Root mean 

squared error. 
∗ Corresponding author at: Electro-Mechanical Group, Faculty of Engineering and 

the Environment, University of Southampton, Southampton SO17 1BJ, UK. 

E-mail address: Z.Shu@soton.ac.uk (Z. Shu). 
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LV) can be achieved by an elastance curve, the model cannot ex-

lain the behavior of ventricular walls and fails to simulate the

entricular function when there is an interaction between the LV

nd an assist device [8,9] . 

In order to accurately characterize cardiac functions, a variety of

yofiber models have been developed [8,10,11] to replace the elas-

ance model. If the anatomic coupling between left and right ven-

ricles is considered, a whole-heart model can be achieved based

n a sarcomere mechanics component [12] . Although these mod-

ls have been applied to heart geometry prediction [13] and car-

iac resynchronization therapy [14] , a great number of nonlinear

quations and parameters in them limit the application of system

dentification and control techniques. 

The ventricular pump mechanics is traditionally attributed to

he radial squeezing of ventricular walls with considerable changes

n epicardial volume throughout the cardiac cycle. However, MR

mages and finite element simulations show that the atrioventric-

lar plane can slide along the pericardium with a restricted vol-

me change of the total heart [15,16] , resulting in the back-and-

orth longitudinal movement of the atrioventricular plane in the

ase-apex direction. Furthermore, the atrioventricular plane dis-

lacement (AVPD) is a valuable indicator in clinical studies [17,18] .

 reduced AVPD is strongly related to heart failure [19] . More

https://doi.org/10.1016/j.medengphy.2018.12.007
http://www.ScienceDirect.com
http://www.elsevier.com/locate/medengphy
http://crossmark.crossref.org/dialog/?doi=10.1016/j.medengphy.2018.12.007&domain=pdf
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Fig. 1. The AVPD of left heart. The AVP is rigidly connected to the mitral and aor- 

tic valve. During systole, the AVP is pulled towards apex by F VC with myocardial 

shortening. During diastole, the AVP moves back by means of F AC and a hydraulic 

force. 

Fig. 2. Schematic illustration of the AVP model without epicardial volume changes. 

F C consists of the ventricular contraction force F VC and the atrial contraction force 

F AC . Trapezoidal windows W 1 and W 2 define the profile of F VC and F AC , respectively. 

A 1 and A 2 are their amplitude. 
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ecently, the AVPD is considered as a major contributor to ventric-

lar pumping in healthy adults [20,21] , accounting for 60% and 80%

f the left and right ventricular stroke volume, respectively. 

Through the longitudinal AVPD, the atrioventricular interaction

an be established with the atrioventricular plane functioning as a

iston unit. Experimental studies have shown that the piston-like

tructure is crucial to aiding the LV diastolic filling [22,23] . Based

n the concept, an atrioventricular piston (AVP) model was devel-

ped by a bond-graph method [24] . Compared with the elastance

odel, the AVP model is able to generate the normal pattern of

itral flow. There is strong evidence to support the model inso-

ar as the atrioventricular plane velocity profile reproduced by the

odel has a similar pattern compared with the realistic one mea-

ured by the Tissue Velocity Imaging. 

The AVP model mainly focuses on the effect of longitudinal

VPD. However, Magnetic Resonance Imaging have revealed that

he stroke volume due to radial shortening cannot be ignored [21] .

n order to improve modeling accuracy, the radial motion of ven-

ricular walls should be considered. In the original AVP model [24] ,

ecause the dwell time of contraction forces was manually deter-

ined, it is difficult to ensure the piston unit moves back to its

nitial position after multiple cardiac cycles. Some variables, e.g.,

he LV volume and AVPD, cannot converge. To solve these prob-

ems, a switched system approach is proposed to modify the AVP

odel. 

The nonlinearity of heart is strongly related to its switching

roperties. The open and closed states of valves divide the cardio-

ascular system into several subsystems. The alternate ventricular

nd atrial contraction forces lead to a periodic movement of atri-

ventricular plane. In this paper, the contribution of radial function

s incorporated into a modified piston unit. Then the systemic cir-

ulatory model is converted to a switched system form by adding

ome state-dependent switching laws so that all the state vari-

bles converge to a limit cycle [25,26] . Related theories about the

witched system [27,28] have laid a firm foundation for its applica-

ions in cardiovascular system analysis and ventricular assist device

ontrol. 

In the AVP model, some parameter values, e.g., the LV compli-

nce and the amplitude of contraction forces, haven’t been clini-

ally validated due to the fact that direct measurements are often

ot achievable. In our study, a PV loop from a patient was used

o validate the model by a data fitting method. The ESPVR of the

odel was studied using simulation data. This paper provides a

ovel approach to model the systemic circulatory system. Param-

ters in the modified AVP model can help us understand the LV

unction. 

. Methods 

.1. Description of the AVP model 

The AVPD of left heart is illustrated in Fig. 1 . The AVP slides

long the pericardium derived by the contraction force F C which

onsists of the ventricular contraction force F VC and the atrial con-

raction force F AC . During ventricular contraction (VC), the AVP

s pulled towards the apex by F VC , ejecting blood into arteries

hrough the aortic valve. During ventricular relaxation (VR), F C is

qual to zero and the AVP moves towards the opposite direction

y means of a hydraulic force, causing a redistribution of blood

rom the left atrium (LA) into the LV through the mitral valve [24] .

uring atrial contraction (AC), F AC arises and aids the ventricular

lling until the start of F VC . The stroke length of AVP is defined to

e the distance from end diastole to end systole. 

Fig. 2 shows a schematic illustration of the AVP model. The left

eart is equivalent to a piston pump where the ventricular and

trial chambers have a constant cross-section and a hollow piston
laced in between [23] . The piston slides along the longitudinal di-

ection. The myocardial force follows a trapezoidal profile. W 1 and

 2 are two normalized trapezoidal windows, representing the pro-

le of F VC and F AC , respectively. Because the atrial repolarization

ave (Ta wave) is usually hidden in the QRS complex, the start of

 1 is set to be the end of W 2 which is a right-angled trapezoid.

here are total six free vertices in W 1 and W 2 . The amplitude of

 VC and F AC is defined as A 1 and A 2 , respectively. One cardiac cy-

le is divided into three phases by F C . During VC, VR and AC, F C is

qual to W 1 A 1 ( F VC ), zero and W 2 A 2 ( F AC ), respectively. 

In the longitudinal direction, the dynamics of AVP can be mod-

led as 

 AV P ˙ v AV P + R AV P v AV P + P LV A LV − P LA A LA = F C 

˙ 
 AV P = v AV P , (1) 

here v AVP denotes the velocity of AVP and s AVP denotes the AVPD.

 LV and A LA are defined as the largest epicardial short-axis area of

he LV and LA, respectively [21] . The difference between A LV and

 LA is crucial to ventricular filling [23] . P LV and P LA denote the

V and LA pressure, respectively. L AVP and R AVP denote the inertia

nd damping of AVP, respectively. The model characterizes the atri-

ventricular interaction between P LV , P LA and F C . 

.2. Construction of the switched systemic circulatory model 

In this section, the systemic circulation is modeled in a

witched system context. State-dependent switching planes are in-

roduced to ensure the convergence of state variables. Definitions

bout switched systems are presented in Appendix A . 

Electrical analogs of the systemic circulatory model are dis-

layed in Fig. 3 . The model uses two diodes with forward resis-
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Fig. 3. Electrical analogs of the systemic circulatory model. P LV : left ventricular 

pressure; P A : aortic pressure; Q A : aortic flow; P S : systemic arterial pressure; P V : ve- 

nous pressure; P LA : left atrial pressure, Q MV : mitral valve flow, Q AV : aortic valve flow, 

Q MV - Q AV = Q LV : left ventricular flow. Model parameters are listed in Table 1 . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. The oscillation of P ST for different arterial blood pressure (ABP) signals. 

Table 1 

Reference parameter values of the systemic circulatory model. 

Value Description 

R C 0.05 mmHg s/ml Characteristic resistance 

R S 1 mmHg s/ml Systemic arterial resistance 

L S 0.001 mmHg s 2 /ml Arterial inertance 

C S 1.2 ml/mmHg Systemic arterial compliance 

C A 0.08 ml/mmHg Aortic sinus compliance 

C V 50 ml/mmHg Venous compliance 

R A 0.005 mmHg s/ml Aortic valve resistance 

R M 0.005 mmHg s/ml Mitral valve resistance 

C LV 0.3 ml/mmHg Left ventricular compliance 

C LA 0.3 ml/mmHg Left atrial compliance 

R V 0.01 mmHg s/ml Venous resistance 

R AVP 300 mmHg cm s Damping of AVP 

L AVP 30 mmHg cm s 2 Inertia of AVP 

A 1 5880 mmHg cm 

2 Amplitude of F VC 

A 2 1200 mmHg cm 

2 Amplitude of F AC 

A LV 40 cm 

2 Left ventricular cross-section 

A LA 20 cm 

2 Left atrial cross-section 

S SD 0.7 cm Switching distance for AVP 

P ST 90 mmHg Switching threshold for AC 

k RAD 1.1 Radial function coefficient 
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tance as aortic ( D A and R A ) and mitral ( D M 

and R M 

) valves and

a five-element vascular model [6] ( C A , R C , L S , C S , R S ) as arteries.

C V and R V denote venous compliance and resistance, respectively.

The passive compliance of ventricular and atrial chambers is rep-

resented by two capacitors, i.e., the LV capacitor ( C LV ) and the LA

capacitor ( C LA ). The AVP model is connected between them accord-

ing to the atrioventricular interaction relationship. 

The state vector of the system is defined to be 

x = 

[
P LV P A Q A P S P V P LA v AV P s AV P 

]T 
. 

One normal cardiac cycle is usually divided into four basic

phases according to the open/closed ( O/C ) state of D A and D M 

,

namely ejection, isovolumic relaxation, filling and isovolumic con-

traction. Additionally, the switch of F C should also be entailed. As

a result, one cardiac cycle is further divided into seven subsystems

in the sequence of ( O C F VC ), ( O C 0), ( C C 0), ( C O 0), ( C O F AC ), ( C

O F VC ), ( C C F VC ), using the state set of ( D A D M 

F C ) as an indicator.

Here it assumes that F VC falls rapidly to zero before the isovolu-

mic relaxation phase ( C C 0). A switch between the i th and j th

subsystem occurs when the state vector reaches a switching plane,

see (A.3). Corresponding to the seven subsystems, switching planes

should satisfy the following rules 

˜ c 12 = 

[
0 0 0 0 0 0 0 1 −S SD 

]T 

˜ c 23 = 

[
1 −1 0 0 0 0 0 0 0 

]T 

˜ c 34 = 

[
1 0 0 0 0 −1 0 0 0 

]T 

˜ c 45 = 

[
0 1 0 0 0 0 0 0 −P ST 

]T 

˜ c 56 = 

[
0 0 0 0 0 0 0 1 S SD 

]T 

˜ c 67 = 

[
1 0 0 0 0 −1 0 0 0 

]T 

˜ c 71 = 

[
1 −1 0 0 0 0 0 0 0 

]T 
. (2)

˜ c 23 , ˜ c 34 , ˜ c 67 and ˜ c 71 indicate that a subsystem switches when

the pressure gradient over valves is equal to zero. S SD which has a

positive value was used to limit the AVPD within a certain range,

as shown in Fig. 2 . When s AVP reaches S SD or - S SD , the state of F C
changes. The distance between S SD and - S SD is slightly less than the

stroke length of AVP because of the inertia of AVP. 

Fig. 4 shows two arterial blood pressure signals recorded in

the MIT MIMIC database [29,30] (mimic2wdb/31/30,0 0 0,038). For

each cardiac cycle, the time of peak P wave in ECG was first

marked. Then, at the time, corresponding arterial pressure value

was recorded as P ST . It can be seen that P ST simultaneously fluctu-

ates with arterial pressure. A larger oscillation in the upper arterial

pressure waveform leads to a larger oscillation in the correspond-

ing P waveform. Therefore, the value of P is related to mean
ST ST 
lood pressure and heart rate. In order to simulate the function of

 wave, ˜ c 45 was used to trigger AC, i.e., a switch between ( C O 0)

nd ( C O F AC ) occurs when P A becomes smaller than P ST . A larger

 ST will accelerate the heart rate. 

Reference parameter values of the model are listed in Table 1 .

ompared with the original AVP model, A LV and A LA were set to a

maller value given by Maksuti et al. [23] . S SD was set to 0.7 cm

o that the stroke volume is about 90 ml. P ST was adjusted to

0 mmHg to generate a mean arterial pressure of 100 mmHg and

 cardiac output of 5.5 L/min. In simulations, F VC and F AC were set

o a rectangular profile. The state space equations of each subsys-

em were derived using Kirchhoff’s voltage and current laws and

imulated in MATLAB. 

.3. Modeling the radial function 

From Fig. 3 , P LV satisfies 

 LV 
˙ P LV = Q MV − Q AV + A LV v AV P 

= Q LV + A LV v AV P . (3)
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Fig. 5. The LV pressure (a) and volume (b) measurements from a patient. (c): Q LV 

calculated from the LV volume was divided into three phases, i.e., VC, VR and AC. 

The time of aortic/mitral valve opening or closing is marked by vertical lines. The 

mitral flow has two peaks, i.e., E-wave (dotted line) and A-wave. 
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The total LV flow Q LV is the sum of mitral valve flow Q MV and

ortic valve flow Q AV . A LV v AVP denotes the flow generated by the

ongitudinal motion of AVP. Taking the radial motion of ventricular

alls into account, ( 3 ) can be modified to 

 LV 
˙ P LV = Q LV + (1 + k RAD ) A LV v AV P , (4)

here the LV radial function was converted to an equivalent coeffi-

ient k RAD (see Appendix B ). Since AVPD accounts for about 60% of

troke volume, the value of k RAD in simulations was adjusted until

he condition was satisfied. The contribution of AVPD is equal to

 LV multiplied by the stroke length of AVP. 

.4. Calculating the ESPVR 

ESPVR is usually defined to be the maximal elastance ( E max ) at

he end-systole by the following equation 

 max = max 

(
P LV (t) 

V LV (t) − V 0 

)
, (5) 

here V 0 is the LV volume ( V LV ) at zero pressure over one cardiac

ycle. E max can be estimated by an iterative method [31,32] . Firstly,

 0 was fixed at zero and ( 5 ) was used to calculate the maximal

V point for each cardiac cycle. Then a linear least squares method

as applied to yield the slope and intercept ( V 0 ) estimates. With

his new V 0 estimate, the process was repeated until convergence

as achieved. In simulations, a set of PV loop was acquired by

hanging R S . The sensitivity of ESPVR to perturbations in model

arameters will be discussed. 

.5. Model validation 

From ( 1 ) and ( 4 ), the LV model is 

˙ 
 AV P = −R AV P 

L AV P 

v AV P −
A LV 

L AV P 

P LV + 

A LA 

L AV P 

P LA + 

F C 
L AV P 

˙ P LV = 

(1 + k RAD ) A LV 

C LV 
v AV P + 

1 

C LV 
Q LV . (6) 

The expression of F C , i.e., W 1 A 1 , 0 or W 2 A 2 depends on the

tate of cardiac phases. Although some parameters, e.g., A LV , A LA 

nd k RAD , are time-varying due to the switch of valves and the

hange of LV diameter, they were approximately set to be constant

n our model. Model accuracy should be validated using realistic

easurements. 

The LV pressure ( Fig. 5 a) and volume ( Fig. 5 b) measurements

ere obtained from a patient (57 years of age, male) with coro-

ary arterial stenosis. A 6F pigtail catheter was advanced across

he aortic valve into the LV for pressure measurement and angiog-

aphy. The peak R wave of ECG was used as an end-diastolic timing

arker, as shown in Fig. 5 a. Single plane angiocardiograms were

ecorded in the 30 ° right anterior oblique projection using a GE

dvantx LCV + system at 50 frames/s. V LV was calculated via Simp-

on’s algorithm. The sampling rate of V LV measurements was dou-

led to 100 Hz by a piecewise linear interpolation method. 

Parameter values of the model were validated using a data fit-

ing method. The parameter vector θ is chosen as 

 

θ1 θ2 θ3 θ4 θ5 θ6 θ7 ] = 

[
R AV P 

L AV P 

A LV 

L AV P 

A LA 

L AV P 

(1 + k RAD ) A LV 

C LV 

1 

C LV 

A 1 

L AV P 

A 2 

L AV P 

]
. 

(7) 

Q LV and P LA are used as input variables. Given Q LV , P LA and θ ,

he estimate of P LV , i.e., ˆ P LV , can be solved from ( 6 ). The root mean

quared error (RMSE) between P LV and 

ˆ P LV was used to evaluate

he fitting accuracy. The Q LV displayed in Fig. 5 c was calculated by

he time derivative of V LV . In order to minimize the need for inva-

ive sensors, P LA was not clinically measured but approximated by

he value of P at the time of mitral valve opening or closing. 
LV 
Trapezoidal F VC and F AC are required to ensure the data fitting

ccuracy. Firstly, positions of the six vertices in W 1 and W 2 should

e determined. During AC, the A-wave of mitral flow increases

rom zero to its peak value. Hence the region of AC phase can

e fixed by means of the flow waveform. Other four vertices were

anually adjusted until the RMSE between P LV and 

ˆ P LV reaches a

maller value. 

In the Q LV waveform, the time of aortic/mitral valve opening

r closing is marked by vertical lines where Q LV is equal to zero.

he time of mitral valve opening is not recorded, implying that

he E-wave occurs earlier than expected. The measurement error

s mainly due to the limitation of the angiography method which

ssumes the ventricle to be an ellipsoid. In reality, the ventricle

as an irregular geometry and the deformation of ventricle varies

etween locations. In order to avoid serious deviation in 

ˆ P LV , the

-wave data (dotted line) was excluded from the data fitting pro-

edure. In detail, the estimation errors between P LV and 

ˆ P LV over

he E-wave region were set to zero, i.e., let ˆ P LV equal to P LV . 

. Results 

Fig. 6 shows the simulated P LV , V LV , P A , Q LV , v AVP and s AVP by

he modified AVP model. V LV was calculated by the integration of

 LV with 90 ml as an initial value. The value of k RAD was set to

.1, so that the contribution of AVPD is 60% ∼65% for all the sim-

lations. For comparison, the simulated Q LV was also divided into

hree phases. Dwell times of VC, VR and AC are not predetermined

s in the original AVP model but depend on the switching rules

 2 ). 

Fig. 7 includes seven PV loop sets. In order to clearly compare

heir difference, in each PV loop, only the point corresponding to

 max is recorded. Set A (solid line) was obtained by increasing R S 
ver the interval [0.8, 1.6]. Set B (asterisk) was given by a smaller
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Fig. 6. Simulation results of the modified AVP model. 

Fig. 7. ESPVRs of the seven PV loop sets (from Set A to Set G) obtained by increas- 

ing R S . In each set, the PV points corresponding to E max are recorded. Set A has a 

larger R S changing range than Set B. From Set C to Set G, perturbations in different 

parameters are added, namely C LV (C), R AVP (D), C S (E), R C (F) and P ST (G). 
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interval [1.2, 1.6]. Other sets exhibit the influence of parameter per-

turbations to ESPVR with R S changing over [0.8, 1.6]. For each set,

only a single parameter was disturbed while others were fixed at

their reference values. In set C (dot) and D (diamond), two LV pa-

rameters, i.e., C LV and R AVP , were increased by 30%. In set E (tri-

angle) and F (square), two vascular parameters, i.e., C S and R C ,

were increased by 30%. In set G (circle), let P ST equal to the mean

value of P S , simulating the synchronization between P ST and arte-

rial pressure, as shown in Fig. 4 . The slope ( E max ) of each set is

also displayed in Fig. 7 . 

Fig. 8 a shows the fitting result using the clinical data with a

parameter vector θ = [14.38, 1.24, 0.68, 266.67, 2.97, 162.33, 40.85].

Normalized F C and the selected positions of trapezoid vertices are

displayed in Fig. 8 b. In Fig. 5 , at the time of mitral valve closing,

the value of P is 17 mmHg. Thus the value of P was approx-
LV LA 
mately set to 17 mmHg. Given Q LV , P LA and θ , ( 6 ) was discretely

olved to obtain 

ˆ P LV . The RMSE between P LV (solid line) and 

ˆ P LV 

dot) is 2.99 mmHg. 

. Discussion 

In the AVP model, dwell times of VC, VR and AC are predeter-

ined. Because of the cumulative error in AVPD, some variables,

.g., s AVP and V LV , cannot numerically converge. A main improve-

ent in the modified model is that the use of ˜ c 12 , ˜ c 45 and ˜ c 56 

estricts the total system to a limit cycle. In ( 4 ), the contribution

f LV radial function to flow is equivalent to enlarging A LV . For

he same stroke volume, the stroke length of AVP in the modified

odel is smaller than the one in the original AVP model. In Com-

arison with the time-varying elastance model, parameters in ( 6 )

re constant. The novel modeling method has the potential to be

xtended to the model-based control of ventricular assist devices. 

In Fig. 3 , the LV model can be explained by two capacitors

n parallel, see (B.8). The dynamics of AVP is represented by an

ctive compliance. The passive compliance is constant, i.e., C LV .

ig. 6 proves that the model is able to characterize the atrioventric-

lar coupling and reproduce common physiological variables. The

ime-varying elastance model neglects the atrial contraction effect

hich has been proven crucial to ventricular filling. In our model,

he effect is included and the A-wave in mitral flow is acquired. A

trong proof supporting the model is that it can reproduce the pro-

le of v AVP and s AVP . The peak of v AVP (7 cm/s) and the stroke length

f AVP (1.46 cm) are close to normal physiological values. More-

ver, the dicrotic pulse in P A and the isovolumetric phases in V LV 

re simulated well. The time-varying elastance model uses an em-

irical function to fit the PV relationship in the LV chamber, while

ur model is directly derived from the mechanical structure of left

eart. 

The value of E max for Set A is 2.09, close to the value of Set B

2.15). A linear ESPVR is approximately satisfied when R S changes

ver [0.8, 1.6]. Although parameter perturbations are all set to 30%,

heir influence on ESPVR appears significant difference. Perturba-

ions in LV parameters (Set C and Set D) lead to larger deviations

rom the reference value, while the influence of vascular parame-

ers (Set E and Set F) is slight. Moreover, if P ST changes according

o certain rules as in Set G, the linear ESPVR is still valid. In clin-

cal studies, since ESPVR is insensitive to changes in afterload and

eart rate, it is a measure for cardiac contractility. The property is

eproduced by the switched model without any a priori knowledge

bout ESPVR. 

From the given θ , the value of C LV is 0.34 ml/mmHg. A LV is 1.8

imes larger than A LA . Assuming A LV is 40 cm 

2 , the value of k RAD is

bout 1.25. In the condition, L AVP is 32.36 mmHg cm s 2 . The ratio

etween R AVP and L AVP is 14.38. A 1 and A 2 are 5292 mmHg cm 

2 and

318 mmHg cm 

2 , respectively. The ratio between them is about 4.

hese values are close to the ones listed in Table 1 , implying that

he LV parameter values used in simulations match physiological

ata. In Fig. 8 a, P LV is fitted well in terms of RMSE, proving that

 6 ) can reproduce the realistic pressure-flow relationship in the LV

hamber. Moreover, these results also prove that the approxima-

ion in A LV and k RAD is acceptable in our study. 

In the VR phase where F C is equal to zero, because the E-

ave of mitral flow is attributed to the inertia of AVP and the

ydraulic force pushing on the piston, the inaccuracy of E-wave

easurement will lead to unrealistic estimates of L AVP and A LV / A LA .

herefore, the E-wave data were not used in the fitting procedure.

he procedure which only requires the PV loop data during one

ardiac cycle is easy to implement for clinical applications. How-

ver, at present, the profile of W 1 and W 2 and the estimate of θ
re adjusted by a trial method. System identification techniques

33,34] may be helpful to acquire the optimal solution. The robust-
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Fig. 8. (a): Comparison between P LV (solid line) and ˆ P LV (dot) with RMSE = 2.99 mmHg. Note that the estimation errors over the E-wave region were set to zero. (b): 

Normalized F C as well as the adjusted positions of trapezoid vertices. 
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ess of these methods to noise and modeling errors, e.g., the ap-

roximation of P LA , should be studied. 

There are some other limitations in our study. The simulation

f Frank-Starling law where model parameters, e.g., A 1 , A 2 , A LV , S SD ,

 LV , may change simultaneously, has not been achieved. The rela-

ionship between these parameters should be further studied. The

ower measurement accuracy of V LV is a main problem for data fit-

ing. The accuracy can hardly be improved by angiography meth-

ds. Other methods, e.g., conductance catheter, should be consid-

red. 

. Conclusions 

In this paper, the LV dynamics is modeled based on a modi-

ed atrioventricular piston unit. The model is a combination of the

ongitudinal AVPD and the radial squeezing of LV walls. Through

ppropriately selecting the state-dependent switching planes, the

ystemic circulatory system was expressed on a switched system

orm. An advantage of the method is that the state variables of the

ystem converge to a limit cycle, which will facilitate the analysis

f the total system. In simulations, the model is able to character-

ze the LV hemodynamics and the atrioventricular coupling with

 simple structure. A property of the switched model is that the

SPVR with a changing R S is approximately linear and insensitive

o changes in afterload and heart rate. In addition, parameter val-

es of the LV model were validated by clinical data. Experimental

esults prove that the model can reproduce the realistic pressure-

ow relationship in the LV chamber. Parameter values used in the

odel are within the normal physiological range. Accurate PV loop

easurements are required for extending our approach to clinical

pplications. 
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ppendix A. Switched linear system 

A switched linear system [25,26] can be written on the form 

˙ 
 (t) = A q (t) x (t) + b q (t) , (A.1)

here x(t) ∈ � 

N denotes the continuous state vector. q(t) ∈ {1, …,

} denotes the discrete state which indexes the activated subsys-

em. A q ( t ) is the system matrix and b q ( t ) is the input. 

A switching point x where a transition between the i th and j th

ubsystem occurs should satisfy 

 i j (x ) = 0 , (A.2)

here s ij ( x ) is a switching law. It can be expressed by a hyperplane

n the state space, i.e., s ij (x) = c T 
ij 
x + d ij where c ij is an N × 1 vec-

or and d ij is a constant. A switching plane is defined to be 

 i j (x ) = 

˜ c T i j [ ̃  x T 1] T , ̃  c i j = [ c T i j d i j ] 
T . (A.3)

If the switch of subsystems forms a closed sequence where

ach discrete state occurs once and the system maps any switch-

ng point onto itself after one cycle of the sequence, a limit cycle

hich is a closed trajectory in the state space is existent. 

http://dx.doi.org/10.13039/501100001809
http://dx.doi.org/10.13039/501100004608


48 H. Huang, Z. Shu and B. Song et al. / Medical Engineering and Physics 63 (2019) 42–49 

Fig. 9. Illustration of the LV contraction assuming that the outer wall of LV is a 

hemispherical surface mounted by a hollow cylinder. 
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Appendix B. LV radial function 

For simplicity, assuming that the outer wall of LV is a hemi-

spherical surface with a radius of R mounted by a hollow cylinder

with a height of h , as seen in Fig. 9 . During the LV contraction,

the increment in R and h is dR and dh , respectively. The position

of apex remains unchanged over the cardiac cycle. The epicardial

volume V EC is 

 EC = πR 

2 h + 

2 

3 

πR 

3 . (B.1)

The increment of V EC is equal to 

d V EC = 2 πRhdR + πR 

2 dh + 2 πR 

2 dR. (B.2)

Because the myocardial volume is constant, the increment of LV

volume dV LV is equal to dV EC [20] . 

The atrioventricular plane moves in the longitudinal direction.

Because the increment of AVPD is dh + dR , the volume change in

the longitudinal direction dV LON is 

d V LON = πR 

2 (dh + dR ) . (B.3)

The volume change in the radial direction dV RAD is 

d V RAD = d V EC − d V LON = (2 πRh + πR 

2 ) dR. (B.4)

Assuming the value of h / R is equal to a at the initial position,

the flow generated by the radial motion ( Q RAD ) is 

Q RAD = 

d V RAD 

dt 
= (2 πRh + πR 

2 ) 
dR 

dt 

= (2 πa R 

2 + πR 

2 ) v RAD 

= (2 a + 1) πR 

2 v RAD = (2 a + 1) A LV v RAD . (B.5)

where v RAD is the radial velocity of epicardium and A LV is the epi-

cardial short-axis area of LV. 

Adding Q RAD into ( 3 ) gives a new equation incorporating both

longitudinal and radial motion of LV 

 LV 
˙ P LV = Q LV + A LV v AV P + Q RAD . (B.6)

Substituting (B.5) into (B.6), the equation becomes 

 LV 
˙ P LV = Q LV + A LV v AV P + (2 a + 1) A LV v RAD 

= Q LV + [1 + 

(2 a + 1) v RAD 

v AV P 

] A LV v AV P 

= Q LV + (1 + k RAD ) A LV v AV P , (B.7)

where k RAD = (2 a + 1) v RAD / v AVP is an equivalent coefficient repre-

senting the contribution of the LV radial function to blood flow.

v AVP and v RAD characterize the global function of longitudinal and

radial motion of LV, respectively. Because the realistic velocity

measurement varies between locations [35] , v AVP and v RAD cannot

be directly measured. The stroke length of AVP is quite smaller

than h + R [21] . Assuming the change in h and R over the cardiac

cycle is quite smaller than h and R , respectively, a can be approx-

imately considered to be constant. In (B.7), A is also set to be
LV 
onstant. The influence of the approximation in k RAD and A LV to

odel accuracy should be validated. 

From (B.7), ˙ V LV / ̇ P LV can be expressed by two capacitors in paral-

el as follows 

Q LV 

˙ P LV 
= 

˙ V LV 

˙ P LV 
= C pas + C act 

= C LV − (1 + k RAD ) A LV v AV P 

˙ P LV 
. (B.8)

The passive compliance ( C pas ) is equal to C LV . The behavior of

VP is represented by an active compliance ( C act ) related to v AVP 

nd 

˙ P LV . 
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