
Introduction

The evaluation of the contractile state of the left
ventricle is a fundamental topic both in the assessment
of pathological heart behaviour and in physiological
investigation. A functional characterization of the
pumping properties of the heart, working under
varying loading conditions, can be provided through

the generation of ventricular pressure-volume relation-
ships, that offers a very useful method to study cardiac
diseases.

The end systolic pressure-volume relationship
(ESPVR) was defined by Suga et al. [1] on the basis of
the observation that the left upper corners of pressure-
volume diagrams (named end systolic pressure-volume
points), describing different loading conditions (in the
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Summary. - Traditional methods to evaluate the ventricular mechanics need intraventricular pressure and
volume recordings for multiple variably loaded beats. To do this, a complex and invasive procedure must be
applied, that may decrease the clinical use. To overcome this limitation, a method to estimate the ventricular
mechanics beat-by-beat is presented, modeling the ventricular pressure-volume relationship with a time-
varying elastance function. The ability of the genetic algorithms (GAs) as identification technique is exploited.
Applying GAs on surrogated data simulating variably loading conditions, the parameters of the time-varying
elastance function, considered a measure of the contractility of the myocardial fibers are identified. These
single-beat estimates are highly correlated with the end systolic pressure-volume relationship slope obtained
by conventional multiple-beat analysis. The main advantage in using GAs for single beat analysis may lie, in
the perspective of an use for in vivo investigations, both in their stochastic nature, and in the guaranteed better
performance with respect to other search techniques on problems involving noisy signals. Future studies will
approach the reduction in GAs computational costs, for a real time in vivo application.
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Riassunto (Algoritmi evolutivi per la stima battito-battito della meccanica ventricolare). - La valutazione
della meccanica ventricolare con i metodi tradizionali viene eseguita mediante l'acquisizione di segnali di
pressione e volume ventricolari su più battiti, mentre viene fatto variare il carico sistemico. È evidente come
una tale procedura possa risultare complessa ed invasiva, tanto da limitarne l'uso clinico. Al fine di superare
una tale limitazione, viene proposto un metodo per la stima della meccanica ventricolare sul singolo battito,
facendo uso di un modello matematico di elastanza tempo-variabile per rappresentare la relazione pressione-
volume ventricolare, e valutando la abilità degli algoritmi genetici (AG) come tecnica di identificazione del
modello stesso. Mediante la applicazione di AG, sono stati identificati i parametri del modello di elastanza
tempo-variabile, considerati una misura della contrattilità delle fibre del miocardio. Le stime ottenute sul
singolo battito risultano essere significativamente correlate con la pendenza della relazione pressione-volume
di fine sistole, ottenuta tramite il metodo convenzionale che si basa su una analisi di più battiti. Il principale
vantaggio nell’utilizzo degli AG potrebbe essere, nella prospettiva di un utilizzo in applicazioni cliniche, sia
insito nella sua natura stocastica, sia nella superiorità rispetto ad altre tecniche di identificazione, in presenza
di segnali rumorosi. In futuro, la ottimizzazione nella applicazione degli AG al problema affrontato, al fine di
ridurre i costi computazionali, potrà permettere un uso in vivo del metodo proposto, in tempo reale.

Parole chiave: contrazione del miocardio, ventricolo, algoritmi genetici.



same inotropic state), can be considered as fitting a
straight line throughout the physiological range: “the
left upper corners of pressure-volume loops (the end
systolic pressure-volume points) obtained at various
loads at a constant inotropic state appeared to reach the
same straight line” [2].

The approximate linearity of the ESPVR allows to
describe it with two parameters, i.e. its slope, named
Ees, and its intercept with the axis of volumes, named
V0. To date, the couple Ees, V0 is considered as an index
of contractility of the myocardial fibers. Suga et al. [1]
assessed the extension of the linear relationship
between pressure and volume to the entire cardiac
cycle, giving rise to a time-varying elastance function
model able to describe the contractile state of the heart.
The traditional methods need intraventricular pressure
and volume recordings for multiple variably loaded
beats, to generate ESPVRs. To do this, a complex and
invasive procedure must be applied: two features that
may decrease their clinical applicability. In the last
decade, particular attention was placed in the
individuation of methods for the estimation of Ees from
a single-beat analysis [3-10], with the aim to quantify
contractile changes on a beat-by-beat basis. 

Senzaki et al. [3] proposed a very fast, real time
method that may furnish an estimation of the
ventricular contractility: this method requires just two
points, the choice of one of them, being fixed a priori,
may be a limitation in presence of noisy signals.
Approximating the elastance of the ventricle with a
bilinear function, Shishido et al. [10] estimated Ees

over a wide range of contractility and loading
conditions on a single beat basis without instantaneous
ventricular volume values other than the end systolic
one, but requiring the knowledge of the systolic time
intervals, pressure values and stroke volume.

Object of the present study is a beat-by-beat
estimation of the pumping properties of the left
ventricle, modeling the left ventricular pressure-
volume relationship with a time-varying elastance
function, following the same law as proposed in [1].
The time-varying elastance function is characterized
by three parameters, representing the maximum value
of the elastance function, the time in the cardiac cycle
when this function reach its maximum, and the value
of ventricular volume in correspondence to which the
ventricle is no more able to generate pressure,
respectively. 

The estimation was obtained by using genetic
algorithms (GAs), recently applied in cardiovascular
modeling [11]. GA is a random search algorithm for
nonlinear problem based on the rules of natural
selection. These algorithms shown to outperform
alternative search techniques on difficult problems

involving discontinuous, noisy, high dimensional, and
multi-modal objective functions [12]. As test signals,
surrogated foetal left ventricular pressure and volume
waveforms were used. The surrogated data were
synthetized by means of a mathematical model of the
foetal cardiovascular system previously presented in
Grigioni et al. [11].

To validate the proposed methodology, the
conventional method of the ESPVR, based on multiple
beats [1, 2], and another single-beat estimation method
[3] were applied on the same data. 

Methods

Model definition

In the present study, the relationship between left
intraventricular pressure P(t) and left ventricular
volume V(t) (as in. Suga et al., [1], and in Suga and
Sagawa [4]) was assumed as model of the pumping
properties of the heart:

P(t) = E(t) · (V(t) - V0) (1)

where V0 is a parameter representing the value of
ventricular volume in correspondence to which the
ventricle is no more able to generate pressure during
the systolic phase [13], and E(t) is the time varying
ventricle elastance, defined by:

E(t) = Emax · En(t) (2)

En being the ventricular elastance function
normalized in amplitude and Emax the maximum of E(t)
function. To model the systolic phase of the left
ventricle we used the expression of En(t) defined in
[14], who interpolated the normalized elastance
function in time and amplitude measured by Suga et al.
[1] with the following function:

(3)

where Tmax is the time elapsed between the
beginning of the cardiac cycle and the instant
corresponding to E=Emax. So, by using Eq. (3) it was
possible to describe the pressure-volume relationship
of the left ventricle during the systolic phase
(isovolumic contraction, ejection, isovolumic
relaxation) of the cardiac cycle after the identification
of the values of the parameters Emax, Tmax and V0
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characterizing the pumping properties of the left
ventricle. The value of V0 has been assumed to hold a
constant value inside the single beat, its variability
being considered interbeat only, but not intrabeat.

Test signals

The method presented in this paper was tested on
foetal left ventricular pressure and volume signals,
simulated by means of a mathematical model of the
foetal cardiovascular system presented in [11].

The validation of the proposed methodology was
based on the comparison of the obtained results with
the ones from the conventional method of the ESPVR
[1, 4], applied on the same surrogated data. To make a
comparison between methods, ventricular pressure and
volume data corresponding to eleven differently loaded
beats were synthetized by means of the model
presented in [11], and used as test cases. In fact, the
conventional ESPVR analysis for the estimation of the
left ventricular contractility is built up on multiple
variably loaded beats: rapid ventricular preload
variations are required to generate ESPVR, whose
slope is a measure of the contractility of the
myocardial fibers.

The varying ventricular loading conditions were
obtained by simulating preload reduction by inferior
vena cava (IVC) transient occlusion to the left ventricle
To do this, a progressive augmentation, in the value of
the resistance encountered by blood flowing towards
the heart (i. e., the venous return) was imposed in the
mathematical model of the foetal cardiovascular
system [11]. Furthermore, in order to simulate a
realistic ventricular behaviour, a light variation in
afterload was also imposed. The other parameters in
the foetal cardiovascular model were identified, for all
the imposed variations in the cardiovascular system
[11]. A similar variably loaded heart beat sequence was
simulated by Menigault et al. [14]. 

Fig. 1a shows the surrogated ventricular pressure
waveforms, while in Fig. 1b the corresponding
computed ventricular volume waveforms are
presented. In Fig. 1c the synthetic ventricular pressure-
volume relationships are represented on the PV plane
(PV loops). The surrogated ventricular waveforms
were used to test GAs. The proposed beat-by-beat
estimation method of the pumping ventricular function
was not biased by the process of generation of the
haemodynamic waveforms (i. e., once pressure and
volume signals have been generated for each beat, both
the basic model and GA estimation procedure are
‘blind’ with respect to the foetal cardiovascular model
[11]). To make use of surrogated ventricular
waveforms is, in the opinion of the authors, only a not

crude and expensive way to obtain pressure and
volume data without sacrificing, once the model is
settled.

Method of identification

The estimation of the parameters characterizing the
relationship between pressure and volume in the left
ventricle, from Eq. (1) to Eq. (3), was obtained by
using genetic algorithms [15]. GAs belong to the
family of the evolutionary algorithms, optimization
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Fig. 1. - a) Simulated left ventricular pressure signals;
b) simulated left ventricular volume signals; c)
ventricular pressure-volume representation on the PV
plane (PV loops). The computed waveforms are
representative of the haemodynamics of ewe's foetus
during a progressive caval occlusion manouver. It can
be noticed the progressive reduction in the
haemodynamic quantities.



and search procedures inspired by genetics and by the
process of natural selection. The estimation of the
contractile state has been executed, on each single
beat, in two steps: in the first step, in order to estimate
Emax, V0, Tmax simultaneously, a steady state GA was
used with a population of 10 “individuals”
(“chromosomes”). Each “chromosome” was composed
of three “genes”, i.e., Emax, V0, Tmax, each allowed to
vary in a wide interval of values. This intervals of
variation for the “genes” define the field of existence
for the solution to be identified by GAs. The intervals
were built starting from the data collected from
literature, regarding the ESPVR slopes [14, 16].

The solution to the problem consists of three model
parameters (three “genes”), which need to be encoded
through a proper representation method, to be
manipulated by genetic operators. The choice of
representation is very flexible: several choices are
acceptable, if suitable genetic operators can be
developed to support the representation itself [17]. In
the present study, floating-point representation [18]
was chosen. As pointed out by Fleming and Purshouse
[17], float-encoding is fast to be manipulated, and
allows high precision. 

Starting with an initial population of 10
“individuals” (i.e., 10 triplets of “genes”) randomly
generated, all of them were evaluated. To do that, a
cost function appropriate to make the GA search
progress in an acceptable direction was built up:

(4)

where P(ti) and V(ti) are the pressure and volume
data at time i-th from the beginning of the isovolumic
contraction, T is the temporal interval of the cardiac
cycle between the beginning of the isovolumic
contraction and the end of the isovolumic relaxation, N
is the number of computational time steps (t1=0,
tN=T). The minimization of ff was considered the
objective of the fitting, being Eq. (4) the mean square
error calculated over the systolic phase of the cycle.
However, as GA seeks to maximize the fitness, to
accomplish the transformation of the minimization
problem into a maximization problem, the opposite in
sign of the mean square error can be simply considered
(i.e., the minimization of ff is equivalent to the
maximization of -ff). 

After the evaluation step a new population was
selected through a selection function that reintroduces
past high performance individuals [17, 19, 20]. This
step guarantees the convergence and protects from
stagnation (Rank Elitist selection procedure [19, 20]:

when all the individuals have about the same quality
around the average value, the best solutions are
favoured only slightly with respect to the worst ones).

On the individuals of the newly selected population
two genetic operators were applied to create new
solutions: 

1) “cross-over” operator takes two parents P1, P2

and performs a sort of interpolation between them,
picking a random number Ω (Ω ε (0, 1)) and creating
two children C1 and C2 as follows:

C1 = P1 x Ω + P2 x (1-Ω)
C2 = P1 x (1-Ω) + P2 x Ω;

2) “non-uniform mutation” operator changes one of
the parameters of the parent on the basis of a non-
uniform probability distribution. This distribution
starts wide, and narrows to a point distribution as the
current generation approaches the maximum fixed
number of generations.

On the newly created population the previous steps
were repeated.

In order to reach convergence, (i.e., the number of
generations necessary to the desired evolution), 500
iterations were required both for the first and the second
step, for each single beat. It must be stated that no
sensitivity study other than a comparison between a 1000 +
1000 generations and the 500 + 500 generations was made
by the authors, obtaining the same results (data not shown).

These passages have been repeated, for each single
beat, 10 times, obtaining ten solutions (i.e., ten triplets
Emax, V0, Tmax minimizing the Eq. (4)). It must be bornt
in mind that GAs are commonly tested many times,
due to the algorithms' stochastic nature (that is, more
than one cycle of parameter estimation is performed).

In the second step, the limits of variation for the
three genes were reduced on the basis of the results
obtained in the first step, with the aim to identify the
fittest solution (i.e., the one minimizing the fitness
function). The step one was repeated with these refined
intervals of variation for the genes.

The refinement of the interval of variation for each
parameter was carried out considering as new upper
and lower bounds the mean value plus or minus 1.5
times the standard deviation as calculated at the end of
the first step, respectively.

The parameter estimations for each single beat
were obtained from the mean over the ten solutions
mentioned above. The two-steps procedure was needed
to better identify the range of existence of Tmax, being
this last the most critical parameter (due to the discrete
nature of the hemodynamic signals, and to the sharp
transition of the ventricular pressure around the end
systolic pressure-volume point).
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The numerical implementation for the GAs was
performed with a proper own code, using the
MATLAB programming language.

Results

Table 1 summarizes, for each beat (where each beat
corresponds to a different occlusion level of the caval
vein), mean values and standard deviations obtained the
three parameters describing the pumping properties of
the ventricle. The results of the maximization of the
fitness function -ff (i.e., the opposite in sign of the mean
square error represented by Eq.(4), for the reasons
mentioned in the Methods section) are also shown. The
parameters estimation, on the single beat, comes from
the average over the ten obtained solutions. Fig. 2
shows, for each level of IVC occlusion, the PV loop
under test and the corresponin-gly estimated one: only
the fraction corresponding to the systole was reported in
the pressure-volume plain, being the proposed method
related to the systolic phase of the cardiac cycle.

In Fig. 3, in the plane Emax-V0, the trend followed
by the pairs (Emax, V0) is shown as a consequence of the
progressive occlusion of the IVC. Fig. 3 highlights two
distinct behaviours for the pairs (Emax, V0): starting
from the onset of the caval occlusion, there is, at first,
a reduction of the values either of Emax and V0 (while
increasing the occlusion of the IVC); then, reached a
certain level of caval occlusion, there is an inversion of
the trend previously observed, with an increase either
for Emax and V0 following the progressively increasing
IVC occlusion. As for the trends of the three identified
model parameters Emax, V0, and Tmax during the
progressive caval occlusion, while both Emax and V0

show a reduction of their values as answer to the start
of caval occlusion manouvre, followed by a progessive
increase going on with the caval narrowing, Tmax,
decreases monotonically with the increase of the
occlusion, with the same trend followed by the EDV
(they exhibit a coefficient of determination R2=0.97). 

In order to evaluate if the estimated parameters are
representative of the contractile state of the left
ventricle, a linear regression has been computed in the
P-V plane (where P is expressed in mmHg and V in
ml) on the single beat points (P(Tmax), V(Tmax))
identified by GAs, described by the equation:

P = 14.0 V - 42.1 (5)

where the confidence limits (95% prediction
interval) are ± 2.7 mmHg ml-1 for the slope and ± 12.1
mmHg for the intercept.

On the same waveforms, the conventional
measurement (the “gold standard”, as defined in [1, 2,
10, 21]) of the ESPVR was carried out. On the serial
left ventricular pressure-volume loops obtained during
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Fig. 2. - Pressure - Volume diagrams for each single
beat (each beat corresponding to an imposed caval
occlusion level): (*) PV loops built from the test signals
shown in figure 1; (continuous line) PV loops built by
means of GAs estimation, together with Eq. (1).
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Fig. 3. - Graphic representation, in the plane (Emax,
V0), of the beat-to-beat relationship between the
couple of parameters representative of the myocardial
contraction, as estimated by GAs, during the
progressive caval occlusion manouver. Numbers in the
graph indicate the progressive beat number.



transient caval occlusion, by means of an iterative
linear regression method [1, 2, 21], the slope and the
intercept with volume axis (in the pressure-volume
plane, as mentioned in section 1) of the ESPVR line
was computed. The following equation was obtained
for the ESPVR:

P = 13.9 V - 43.9 (6)

where the confidence limits (95% prediction
interval) are ± 2.1 mmHg ml-1 for the slope and ± 8.8
mmHg for the intercept.

To compare the capability of the herein proposed
framework, with other single-beat estimation methods,
the most popular of them [3] was applied on the same
simulated data, and comparable estimated values for
the parameters (Emax, V0) were obtained: the two
populations, i.e., the GA estimes and the ones from
Senzaki et al. method [3], did not show statistically
significant difference (both for Emax and V0, the
differences in the two corresponding variably
estimated populations were assessed with the two
tailed Student’s test, p value = 0.6).

Discussion

In recent years interest has grown in the reliability
of methodologies to estimate the pumping function
of the heart beat-by-beat. The aim is the indivi-
duation of useful, clinically applicable, reliably

instruments for assessing systolic function, thera-
peutic response and ventricular-arterial interaction
[3, 5-10]. Moved from these motivations, the goal of
the present study is to develop and validate a method
to estimate single-beat parameters representative of
the left ventricular mechanics. The estimated
parameters (Emax, Tmax and V0), obtained for each
variably loaded beat, represent the maximum of time-
varying elastance function, the time elapsed between
the beginning of the cardiac cycle and the instant
corresponding to Emax, and the value of the unbiased
volume V0 (i.e., the volumetric dimension in
correspondence to which the ventricle is no more
able to generate pressure during the systolic phase
[13]).

The traditional methods, based on multiple beats,
furnish a synthetic information on the contractile state
of the heart and they cannot investigate on the beat-by-
beat evolution. On the contrary, estimating the three
parameters on the single beat, it is possible to obtain
information on the contractility of the myocardial
fibers without more invasive measures on multiple
variably loaded beats. By using this analytical single
beat method, it is possible to follow the beat-by-beat
physiological modifications and to highlight the
control mechanisms due to the caval occlusion
manouvre: the high variability of Emax and V0 could be
correlated to a similar variability occurred to SV and
Ea (with a coefficient of determination R2 of 0.85) and
so it can witness the contemporary presence of
afterload variations.
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Table 1. - Mean values, standard deviation, and the opposite in sign (-ff) of the maximum value of the mean square
error represented by Eq. (4) of the three estimated parameters, for each occlusion level

Occlusion level 1 2 3 4 5 6 7 8 9 10 11

Tmax mean 0.132 0.130 0.126 0.123 0.122 0.121 0.118 0.118 0.115 0.112 0.109
[s] SD 0.006 0.007 0.004 0.004 0.006 0.006 0.006 0.003 0.004 0.004 0.005

Emax mean 15.84 14.72 13.26 12.87 10.24 8.45 7.90 7.44 9.06 11.19 12.52
[mmHg/ml] SD 0.10 0.11 0.07 0.07 0.12 0.11 0.13 0.06 0.08 0.09 0.14

V0 mean -1.97 -2.55 -3.35 -3.61 -5.23 -6.56 -6.85 -6.91 -5.14 -3.70 -3.14
[ml] SD 0.06 0.06 0.04 0.042 0.08 0.12 0.15 0.07 0.05 0.05 0.08

(-ff)max mean -0.55 -0.53 -0.50 -0.45 -0.47 -0.48 -0.45 -0.46 -0.38 -0.33 -0.26
SD 0.04 0.03 0.02 0.01 0.02 0.01 0.01 0.00 0.01 0.03 0.16
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The good agreement between a linear regression
computed in the pressure-volume plane on the GAs
identified (P(Tmax), V(Tmax)) points (one for each
occlusion level), and the ESPVR (computed on the
multiple beats with the standard method [1, 2]), allows
to conclude that the results obtained with an analytic
method are congruent with those individuated by a
synthetic one. The slope of linear regression on the
points corresponding to the estimated parameters is
14.0 mmHg/ml, while the ESPVR one (e.g., Ees) is 13.9
mmHg/ml: it is evident as the linear regression
computed on the GAs identified points, where the time-
varying elastance function is maximal for each beat,
reproduces the Ees, that is considered as a measure of
myocardial fibers contractility capability. Also the
intercept with the volume axis of the linear regression
(-3.0 ml) is quite equal to that one of the ESPRV (-3.2
ml), so it could furnish the same information.

In order to validate the capability of the herein
proposed framework, another single-beat estimation
method [3] was applied on the same surrogated data,
and comparable values for the estimated parameters
(Emax, V0 and Tmax) were obtained. The major
difference between the two approaches is that the GA
method is based on the entire systolic PV loop, while
the Senzaki one [3] needs to have just two points: so
the information obtained by GA could be more
complete than the other one. On the contrary Senzaki
method, being very fast, may furnish the Emax and V0

values in real time, during the ventricular signals
recordings, while the GA-based proposed method has
to be intended to date, as off line, and the present study
as a feasibility analysis. 

At this stage of our ongoing investigation we
focused to test the ability of GAs as identification
technique of ventricular biomechanical parameters.
Notwithstanding no particular attention was paid to the
optimization of the method at this step on the study, the
obtained results make the authors optimist for an on
line optimised implementation. The immediate future
step will be oriented towards the reduction in
computational times: a sensitivity study will be carried
out to find the minimum number of iterations required
for convergence, i.e., the number of generations
necessary to the desired evolution. In fact, the future
aim is in the approach of an algorithm able to furnish
continuous, real time evaluation of the pumping
function of the heart. The main advantage in using
GAs for single beat analysis may lie, in the perspective
of an application both for in vivo research and clinical
investigations, in the guaranteed better performance
with respect to other search techniques on difficult
problems involving noisy signals [12], like in vivo
ventricular pressure and volume recordings frequently

are [22, 23], and high dimensional functions. From this
viewpoint the proposed identification method, based
on the entire ejection phase, could be useful for a more
complete and less invasive (i.e., no ventricular
catheterisation) beat-to-beat information on the
contractile state of the heart. This could be done by
means of in vivo recorded peripheral hemodynamic
waveforms plus the modeling of the cardiovascular
system from the left ventricle to the vascular site of
measure: thanks to the model approach, from simple
measurements in the peripheral circulation, estimation
of cardiac function could be obtained. In this direction,
a preliminary in vivo study was recently carried out
[24]. GAs, in virtue of their conceptual semplicity, the
ease of programming entailed, and the small number of
parameters to be defined, not requiring to set an initial
value for model parameters to be estimated, may be
possible canditates in the identification of models with
an high number of parameters (i.e., vascular
resistances, compliances and inertances) whose real
values are widely variable on individual basis. It must
be pointed out that the proposed method, with respect
to the one of Shishido et al. [10], suffers from the only
apparent disadvantage to need of instantaneous
ventricular volume measurements, because the method
of Shishido needs, however, to know both the stroke
volume and the end systolic volume (that is like to say
that the P-V loop has to be positioned in the pressure -
volume plain), together with the systolic times; on the
contrary, GAs need only of the approximate instant of
the beginning of the systole. A limitation in the
analytical formulation (from Eq. (1) to Eq. (3)) for the
ventricular pressure-volume relationship, with respect
to the one proposed in [10], may be in the fact that the
elastance waveform could not be held when loading
conditions or contractility significantly change
(assuming values outside of the physiological range). 

Moreover, applying a non linear regression to the
same points of maximal time-varying elastance, we
obtain a better coefficients of determination (R2 of 0.99
instead of 0.92 obtained by means of a linear
regression), this being in agreement with literature
works considering the ESPRV curvilinear [25, 26].

The present study suffers from the limitation that
only normal loading conditions for the ventricle were
investigated (i.e., in a physiological range, inside of
which linearity and load independence can be
considered for ventricular contractility [3, 27]: although
recent studies challenged the initial concept of linear and
load-insensitive ESPVR by demonstrating contractility-
dependent curvilinearity [25, 26] and load dependence
[28], as also assessed in [10]: “the slope of the ESPVR
still remains a powerful index to assess the inotropic
state in experimental as well as clinical settings”. 
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The evolutionary techniques, combining elements
of directed and stochastic search, exhibit a number of
advantages over other search methods: in particular,
the need of a smaller amount of knowledge and fewer
assumptions about the characteristics of the search
space. Furthermore, they can avoid the ‘entrapping’ in
local optima more easily than other search methods
[29]. Genetic algorithms, proposed by Holland [30,
31], are the best-known class of evolutionary
algorithms. The GA approach does not require that a
curve fit passes exactly through any of the data points;
this allows the GA to locate improved solutions in
some instances. Moreover, GAs do not require good
initials guesses for the parameters, being the initial
population completely randomly generated. Another
strenght of GA methodology is that no manipulation of
the equations of the model is needed: only access to the
model is required in order to compute a fitness
function. Conversely, in traditional least squares
techniques derivatives of the model equations with
respect to unknown parameters must often be
computed. 

However, it is mandatory to mention that for well-
understood problems for which trusted solutions exist,
GAs are unlikely to produce competitive results (if a
problem can be solved analytically with an acceptable
level of assumptions, then that approach is probably
the best). If such a solution cannot be found, the use of
a GA could be highly profitable and worthwhile.

Acknowledgements

This research was supported by a grant from the Istituto
Superiore di Sanità within the research project “Messa a punto di un
banco di prova per la valutazione biomeccanica dell'assistenza e del
recupero cardiaco”.

Received on 28 July 2004.
Accepted on 12 October 2004.

REFERENCES

1. Suga H, Sagawa K, Shoukas AA. Load independence of the
instantaneous pressure-volume ratio of the canine left ventricle
and effects of epinephrine and heart rate on the ratio. Circ Res
1973;32(3):314-22.

2. Kass DA, Maughan WL. From Emax to pressure-volume
relations: a broader view. Circulation 1988;77(6):1203-12.

3. Senzaki H, Chen CH, Kass DA. Single-beat estimation of end-
systolic pressure-volume relation in humans. Circulation
1996;94(10):2497-506.

4. Suga H, Sagawa K. Instantaneous pressure-volume relationships
and their ratio in the exercised, supported canine left ventricle.
Circ Res 1974;35(1):117-26.

5. Takeuchi M, Igarashi Y, Tomimoto S, Odake S, Hayashi T,
Tsukamoto T, Hata K, Takaoka H,  Fuzuzaki H. Single beat
estimation of the slope of end systolic pressure-volume relation
in the human left ventricle. Circulation 1991;83(1):202-12.

6. Segers P, Steendijk P, Stergiopulos N, Westerhof N. Predicting
systolic and diastolic aortic blood pressure and stroke volume in
the intact sheep. J Biomech 2001;34(1):41-50.

7. Shih H, Hillel Z, Declerck C, Anagnostopoulos C, Kuroda M,
Thys D. An algorithm for real-time, continuous evaluation of
left ventricular mechanics by single-beat estimation of arterial
and ventricular elastance. J Clin Monit 1997;13(3):157-70.

8. Karunanithi MK, Feneley MP. Single-beat determination of
preload recruitable stroke work relationship: derivation and
evaluation in conscious dogs. J Am Coll Cardiol
2000;35(2):502-13.

9. Hayashi K, Shigemi K, Shishido T, Sugimachi M, Sunagawa K.
Single-beat estimation of ventricular end-systolic elastance-
effective arterial elastance as an index of ventricular mecha-
noenergetic performance. Anesthesiology 2000;92(6):1769-76.

10. Shishido T, Hayashi K, Shigemi K, Sato T, Sugimachi M,
Sunagawa K. Single-beat estimation of end-systolic elastance
using bilinearly approximated time-varying elastance curve.
Circulation 2000;102(16):1983-89.

11. Grigioni M, Carotti A, Daniele C, D’Avenio G, Morbiducci U,
Di Benedetto G, Albanese S, Di Donato R, Barbaro V. A
mathematical model of the fetal cardiovascular system based on
genetic algorithms as identification technique. Int J Artif Organs
2001;24(5):286-96.

12. Lin H, Yamashita K. Hybrid simplex genetic algorithm for blind
equalization using RBF networks. Math Comput Simul
2002;59(4):293-304.

13. Sagawa K. The end-systolic pressure-volume relation of the
ventricle: Definition, modifications and clinical use. Circulation
1981;63:1223-7.

14. Ménigault E, Vieyres P, Lepoivre B, Durand A, Pourcelot L,
Berson M. Fetal heart modelling based on a pressure-volume
relationship. Med Biol Eng Comput 1997;35(6):715-21.

15. Goldberg DE. Genetic Algorithms in search, optimization and
machine learning. New York: Addison Wesley; 1989.

16. Grigioni M, Carotti A, Daniele C, D’Avenio G, Morbiducci U,
Iannace E, Albanese S, Costa D, Formigari R, Ferretti E, Di
Donato R. Extracorporeal circulation in ewe’s foetus: towards a
reliable foetal cardiac surgery protocol. Int J Artif Organs 2000;
23(3):189-98.

17. Fleming PJ, Purshouse RC. Evolutionary algorithms in control
systems engineering: a survey. Control Engineering Practice
2002;10(11):1223-41.

18. Michalewicz Z. Genetic algorithms+data structures=evolution
programs. Berlin:  Springer; 1996.

19. Brooks RR, Iyengar SS, Chen J. Automatic correlation and
calibration of noisy sensor readings using elite genetic
algorithms. Artif Intelligence 1996;84(1-2):339-54.

20. Douglas TS, Solomonidis SE, Sandham WA, Spence WD.
Ultrasound image matching using genetic algorithms. Med Biol
Eng Comput 2002;40(2):168-72.

Mauro GRIGIONI, Carla DANIELE, Umberto MORBIDUCCI et al.408



EVOLUTIVE ALGORITHMS FOR BEAT-BY-BEAT ESTIMATION OF LEFT VENTRICULAR MECHANICS

21. Kass DA, Yamazaki T, Burkhoff D. Determination of left
ventricular pressure-volume relationships by the conductance
(volume) catheter technique. Circulation 1986;73:586-95.

22. Soderqvist E, Carlsson C, Brodin LA. Conductance
measurements in the left ventricle: a pressure-flow approach.
Proceedings on 2nd European Medical and Biological
Engineering Conference. Wien, 4-8 December 2002. p. 1012-3.

23. Baan J, van der Velde ET, de Bruin HG, Smeenk GJ, Koops J,
van Dijk AD, Temmerman D, Senden J, Buis B. Continuous
measurement of left ventricular volume in animals and humans
by conductance catheter. Circulation 1984;70(5):812-23.

24. Grigioni M, Daniele C, Morbiducci U, Del Gaudio C, D’Avenio
G, Di Benedetto G, Barbaro V. Beat-by-beat estimation of the
pumping function of the heart from arterial hemodynamic
waveforms. Int J Artif Organs 2002;25(7):695.

25. Krosl P, Abel FL Problems with use of the end systolic pressure-
volume slope as an indicator of left ventricular contractility: an
alternate method. Shock 1998;10:285-291.

26. Kass D.A, Beyar R, Lankford E, Heard M, Maughan WL,
Sagawa K. Influence of contractile state on curvilinearity of in
situ end-systolic pressure-volume relations. Circulation 1989;
79:167-78.

27. Kass DA. Clinical evaluation of left heart function by
conductance catheter tecnique’. European Heart Journal
1992;13(Suppl E):57-64.

28. Baan J, van der Velde ET. Sensitivity of left ventricular end-
systolic pressure-volume relation to type of loading
intervention. Circ Res 1988;62(6):1247-58.

29. Pena-Reyes CA, Sipper M. Evolutionary computation in
medicine: an overview. Artificial Intelligence in Medicine
2000;19:1-23.

30. Holland JH. Outline for a logical theory of adaptive systems. J
ACM 1962;9:297-314.

31. Holland JH. Adaptation in natural and artificial systems. Ann
Arbour: University of Michigan Press; 1975.

409



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AdobePiStd
    /AdobeSansMM
    /AdobeSerifMM
    /AGaramondPro-Bold
    /AGaramondPro-BoldItalic
    /AGaramondPro-Italic
    /AGaramondPro-Regular
    /AGaramondPro-Semibold
    /AGaramondPro-SemiboldItalic
    /Alfredo'sDance
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /Batang
    /BlackChancery
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /Computerfont
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /CourierStd
    /CourierStd-Bold
    /CourierStd-BoldOblique
    /CourierStd-Oblique
    /EstrangeloEdessa
    /EurostileLTStd
    /EurostileLTStd-Bold
    /EurostileLTStd-BoldCn
    /EurostileLTStd-BoldEx2
    /EurostileLTStd-BoldOblique
    /EurostileLTStd-Cn
    /EurostileLTStd-Demi
    /EurostileLTStd-DemiOblique
    /EurostileLTStd-Ex2
    /EurostileLTStd-Oblique
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /FrutigerLTStd-Black
    /FrutigerLTStd-BlackCn
    /FrutigerLTStd-BlackItalic
    /FrutigerLTStd-Bold
    /FrutigerLTStd-BoldCn
    /FrutigerLTStd-BoldItalic
    /FrutigerLTStd-Cn
    /FrutigerLTStd-ExtraBlackCn
    /FrutigerLTStd-Italic
    /FrutigerLTStd-Light
    /FrutigerLTStd-LightCn
    /FrutigerLTStd-LightItalic
    /FrutigerLTStd-Roman
    /FrutigerLTStd-UltraBlack
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HelveticaLTStd-Blk
    /HelveticaLTStd-BlkCond
    /HelveticaLTStd-BlkCondObl
    /HelveticaLTStd-BlkObl
    /HelveticaLTStd-Bold
    /HelveticaLTStd-BoldCond
    /HelveticaLTStd-BoldCondObl
    /HelveticaLTStd-BoldObl
    /HelveticaLTStd-Comp
    /HelveticaLTStd-Cond
    /HelveticaLTStd-CondObl
    /HelveticaLTStd-ExtraComp
    /HelveticaLTStd-Fractions
    /HelveticaLTStd-FractionsBd
    /HelveticaLTStd-Light
    /HelveticaLTStd-LightCond
    /HelveticaLTStd-LightCondObl
    /HelveticaLTStd-LightObl
    /HelveticaLTStd-Obl
    /HelveticaLTStd-Roman
    /HelveticaLTStd-UltraComp
    /Impact
    /Kartika
    /Latha
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MS-Mincho
    /MSOutlook
    /MT-Extra
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /SignatureRegular
    /SimSun
    /Sylfaen
    /Symbol
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Thickhead
    /TimesLTStd-Bold
    /TimesLTStd-BoldItalic
    /TimesLTStd-ExtraBold
    /TimesLTStd-Italic
    /TimesLTStd-Phonetic
    /TimesLTStd-Roman
    /TimesLTStd-Semibold
    /TimesLTStd-SemiboldItalic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /TypewriterOldstyle
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /WarnockPro-Bold
    /WarnockPro-BoldCapt
    /WarnockPro-BoldDisp
    /WarnockPro-BoldIt
    /WarnockPro-BoldItCapt
    /WarnockPro-BoldItDisp
    /WarnockPro-BoldItSubh
    /WarnockPro-BoldSubh
    /WarnockPro-Capt
    /WarnockPro-Disp
    /WarnockPro-It
    /WarnockPro-ItCapt
    /WarnockPro-ItDisp
    /WarnockPro-ItSubh
    /WarnockPro-Light
    /WarnockPro-LightCapt
    /WarnockPro-LightDisp
    /WarnockPro-LightIt
    /WarnockPro-LightItCapt
    /WarnockPro-LightItDisp
    /WarnockPro-LightItSubh
    /WarnockPro-LightSubh
    /WarnockPro-Regular
    /WarnockPro-Semibold
    /WarnockPro-SemiboldCapt
    /WarnockPro-SemiboldDisp
    /WarnockPro-SemiboldIt
    /WarnockPro-SemiboldItCapt
    /WarnockPro-SemiboldItDisp
    /WarnockPro-SemiboldItSubh
    /WarnockPro-SemiboldSubh
    /WarnockPro-Subh
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /NOR <>
    /SVE <>
    /KOR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee575284e8e9ad88d2891cf76845370524d6253537030028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f0030028fd94e9b8bbe7f6e89816c425d4c51655b574f533002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c9069752865bc9ad854c18cea76845370524d521753703002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f300290194e9b8a2d5b9a89816c425d4c51655b57578b3002>
    /ITA <>
  >>
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [595.000 842.000]
>> setpagedevice


