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Abstract

This paper proposes a model-based estimation of left
ventricular (LV) pressure and pressure-strain loops (PSL),
adapted to patients with aortic stenosis (AS). We propose a
model of the cardiovascular system composed of i) cardiac
electrical activity, ii) elastance-based mechanical activ-
ity, iii) systemic and pulmonary circulations and iv) heart
valves. An identification strategy was implemented using
a leave-one-out cross validation approach in order to esti-
mate patient-specific LV pressures for 4 patients suffering
from AS. LV pressure curve is then used for the estimation
of PSL. A close match was observed between experimental
and simulated LV pressures for all 4 patients. The global
root mean square error (RMSE) is equal to 20.34 (± 5.34)
mmHg. RMSE for systolic and diastolic arterial pressures
are respectively 0.89 (± 0.79) and 0.2370 (± 0.18) mmHg.
Mean PSL areas calculated for experimental and model-
based pressures are respectively 1965.6± 206.77 cm2 and
2206.4 ± 289.64 cm2. The proposed model-based method
may be a useful tool to improve the noninvasive estimation
of LV pressure and the characterization of LV function on
patients with severe AS.

1. Introduction

Aortic stenosis (AS) is one of the most common car-
diac valve diseases and is characterized by a restriction of
blood flow from the left ventricle to the aorta, due to a nar-
rowing of the valve opening. The development of AS is
usually accompanied by systolic and diastolic dysfunction
[1] and novel non-invasive tools are required to improve
the evaluation of cardiac function in AS patients. Quan-
titative evaluation of left ventricular (LV) function is still
challenging, particularly from echocardiography, because
of the lack of consideration of load conditions [2]. The
area of left ventricular (LV) pressure/strain loop (PSL) has
been recently proposed as a surrogate estimation of the
power over the cardiac cycle [3]. Although PSL analy-
sis appears as a promising approach [4, 5], it requires the

observation or estimation of an LV pressure signal. How-
ever, the observation of LV pressure is difficult to perform
clinically because it requires an invasive, intraventricular
measurement. Although methods for the estimation of an
LV pressure curve from noninvasive measurements have
been proposed [3], their accuracy has not been verified in
the presence of cardiac valve pathologies.

The objective of this paper is to propose a noninvasive
approach to estimate robust LV pressure curves in the case
of AS. A cardiovascular system model and a parameter
identification method are proposed in this sense. An inte-
grated model of the cardiovascular system (CVS) is pro-
posed, based on the coupling of several sub-models: i)
cardiac electrical system [6,7], ii) elastance-based cardiac
cavities [8–10], iii) systemic and pulmonary circulations
[11], and iv) heart valves [12]. An identification strat-
egy was implemented using a leave-one-out cross valida-
tion approach in order to provide patient-specific model-
based LV pressure of 4 AS patients, from aortic valve area,
systolic and diastolic pressures. Finally, pressure/strain
loops were evaluated from the model-based estimation of
LV pressure and compared to PSL assessed from invasive
experimental pressures.

2. Methods

2.1. Dataset

The dataset used in this study contains 4 patients suf-
fering severe AS (aortic valve area ≤ 1cm2). The study
protocol was approved by the Rennes University Hospital
ethics committee (authorization number: 2014-A01331-
456). The experimental invasive dataset includes the ECG,
the measured ventricular P exp

LV , systolic P exp
ao,sys and di-

astolic P exp
ao,dias arterial pressures. For this purpose, left

heart catheterization (LHC) was performed in all the pa-
tients via a retrograde access from the radial artery with a
5 French Judkin R4 catheter (ICU Medical, San Clemente,
CA, USA) placed at the mid LV cavity using fluoro-
scopic screening. All patients underwent a standard Trans-
Thoracic Echocardiography (TTE) using a Vivid S6, E7
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Figure 1. Methodology description. Dataset acquisition (left). Parameter identification strategy using a leave-one-out cross
validation approach (middle). Closed-loop model of the cardiovascular system (right). Sinoatrial node (SAN), atria (ATR),
atrioventricular node (AVN), upper bundle of His (UBH), bundle branches (LBH), and ventricles (VENT).

or E9 ultrasound system (General Electric Healthcare,
Horten, Norway), in order to extract regional myocardial
strain curves and estimate the aortic valve area AVA (cm2).

2.2. Model description:

Cardiac electrical system: A set of interconnected cel-
lular automata, adapted from [6, 7], represents the cardiac
electrical activity of the model. Each automaton represents
different cardiac regions that cycle between four electri-
cal activation states: slow diastolic depolarization (SDD),
upstroke depolarization period (UDP), absolute refractory
period (ARP) and relative refractory period (RRP).
Elastance-based cardiac cavities: The CVS model in-
cludes time-variant elastance cardiac cavities, controlled
by driving functions. The “double Hill” elv [13] and the
Gaussian driving functions ela were selected to represent
the contraction and relaxation of ventricles and atria re-
spectively. Ventricle pressure (P ) is calculated using a lin-
ear relationship of its volume (V ) and its elastance (E)
associated with systole (es) and a non-linear pressure-
volume relationship associated with diastole (ed) [14]:

Pes,lv(V, t) = Ees,lv(V (t) − Vd,l) (1)

Ped,lv(V, t) = P0,lv

(
eλlv(V (t)−V0,l) − 1

)
(2)

Pmodel
LV (V, t) = elv(t)Pes,lv(V, t)+(1−elv(t))Ped,lv(V, t)

(3)
Systemic and pulmonary circulations: Concerning the
circulatory models [11], pressures on the cardiac or vessel
chambers are calculated as a linear pressure-volume rela-
tionship, similar to Eq. 1. The pressure gradient across

chambers and the corresponding vascular resistance are
then used to calculate flows as: Q = ∆P/R. Volumes of
each cardiac and vessel chamber is computed from the in-
tegral of their respective net flow. The circulatory model
allows for the simulation of systolic and diastolic aortic
pressures (Pmodel

ao,sys and Pmodel
ao,dias).

Cardiac valves: Based on [12], a detailed model describ-
ing the valve dynamics ξ(t) was coupled to our CVS model
to represent the heart valves motions:

dξ

dt
=

{
(1 − ξ)Kvo∆P if ∆P > 0

ξKvc∆P if ∆P ≤ 0
(4)

In response to the pressure gradient ∆P across the
valve,Kvo andKvc are the rate coefficients for valve open-
ing and closure, respectively. ∆P is calculated by the
Bernoulli equation. The effective cross-sectional area of
the valve Aeff is related with the effective length of the
valve leff and ξ(t):

Aeff (t) =
[
Aeff,max(t) −Aeff,min(t)

]
ξ(t) +Aeff,min(t)

(5)

2.3. Parameter identification

The objective of this section is to propose a method that
could be used to provide a model-based estimation of LV
pressure from systolic and diastolic pressures. A leave-
one-out cross validation approach was used to perform LV
pressure estimation. For all patients, the maximum effec-
tive area Al

eff,max parameter was fixed to the observed
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AVA, measured from TTE. Available data from the 4 pa-
tients were divided randomly into two sets: training (3
patients) and test (1 patient). In the training set, patient-
specific parameters of ventricular (ParLV ) and circulatory
(Parart) models are identified for each patient in order to
minimize the error function:

εtraining = εLV + εsys + εdias (6)

with

εsys =| P exp
ao,sys − Pmodel

ao,sys | (7)

εdias =| P exp
ao,dias − P

model
ao,dias | (8)

εLV =
1

Tc

Tc−1∑
te=0

| P exp
LV (te)− Pmodel

LV (te) | (9)

where te corresponds to the time elapsed since the onset of
the identification period and Tc is the duration of a cardiac
cycle. This error function was minimized using evolution-
ary algorithms (EA) [15] . Then, the ventricular parame-
ters of the test patient were fixed to the average values over
the 3 other patients P̂ arLV = mean(ParLV ) and circula-
tory parameters Parart were identified by minimising the
error function:

εtest = εsys + εdias (10)

The whole process was repeated four times and LV pres-
sure Pmodel

LV was simulated using the best set of parameters
found for each patient.

2.4. Pressure-strain loops

As performed in previous work of our team [16], pres-
sure/strain loops were determined from the mean myocar-
dial strain, calculated from all segmental curves, using
both measured and model-based pressures. The area of
each loop was calculated using the rectangle method, con-
sidering small increments of ventricular pressure in order
to insure a precise determination. The same method was
used for the calculation of the loop area for measured and
model-based pressures.

3. Results

3.1. Comparison with experimental data

From the identification process we obtained a patient-
specific simulated LV pressure signal. Figure 2 compares
the simulated and experimental LV pressure of the 4 AS
patients. A close match was observed between LV ex-
perimental and simulated pressures since, for all patients,
root mean square error (RMSE) is equal to 20.34 (± 5.34)

Figure 2. LV pressure of 4 patients: i) simulated curve
(black), ii) experimental curve (red).

mmHg. The mean RMSE for systolic and diastolic arte-
rial pressures are respectively 0.89 (± 0.79) and 0.2370 (±
0.18) mmHg.

Figure 3 illustrates the simulated and experimental PSL
of all the patients. Similar morphologies between experi-
mental and simulated PSL can be noticed in each patient as
a consequence of the close match obtained between inva-
sive experimental and patient-specific simulated LV pres-
sures. The mean PSL areas calculated for experimental and
model-based pressures are respectively 1965.6 ± 206.77
cm2 and 2206.4 ± 289.64 cm2.

Figure 3. Pressure-strain loop of the 4 patients: i) simu-
lated curve (black), ii) experimental curve (red).

4. Discussion

The main contribution of this work concerns the pro-
posal of the parameter identification procedure, applied
to an integrated CVS model, able to reproduce LV pres-
sure specifically to each AS patient, by non-invasive pro-
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cedures.
The coupling of the CVS model, developed by our group

[6–11], to heart valve model, proposed by [12], allows to
correctly represent the influence of valve motion on hemo-
dynamic parameters, obtaining the expected results in the
AS case. Results from the proposed leave-one-out cross-
validation indicate that the model, only evaluating Parart
from a given patient, is able to provide a non-invasive es-
timation of the LV pressure waveform that agrees with the
experimental curve. For this purpose, only 3 non-invasive
data, that can be easily acquired from any patient, are nec-
essary: the AVA and the systolic (P exp

ao,sys) and diastolic
(P exp

ao,dias) arterial pressures.
This paper presents a method for the estimation of LV

pressure and PSL, based on a physiological model with
promising clinical applications. PSL area has also been
used to calculate cardiac work indices in several patholo-
gies providing, for example, a new opportunity to better
predict the response to cardiac resynchronization therapy
[16]. Because of the consistency between measured and
simulated LV pressures, model-based PSL area markers
appear as a robust surrogate estimation and as promising
tools to provide prognostic information in AS patients.

One of the main limitations of this work is the limited
number of patients included. Further work is necessary
in order to apply the training phase on a higher number
of patients, in particular to learn a set of robust ParLV

parameters.

5. Conclusion

Assessment of LV pressure and PSL loops, for patients
with severe AS, can be improved by using patient-specific
models of the cardiovascular system. Future works will be
dedicated to more extensive evaluations including a greater
population of patients.
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