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Abstract

Simultaneous pressure and volume measurements enable the extraction of valuable parameters for
left ventricle function assessment. The goal of this study was to develop a pressure-volume (PV)
computational framework to accurately characterize instantaneous left ventricular (LV) and arterial
physiologic properties in rabbits from single-beat parameters, during reflex cardiovascular responses,
and how these can be compromised after the acute phase of myocardial infarction.

Reflexes were evoked in fourteen anesthetized, paralyzed and artificially ventilated rabbits, and heart
ischemia was provoked by ligation of the descending coronary artery. An intraventricular impedance
catheter was used to measure simultaneously LV pressure and volume. The developed software estimated
single-beat left ventricle end-systolic elastance (Fes), arterial elastance (E,) and their ratio (Eq/E.s)
to analyze ventriculo-arterial coupling. From this data, left ventricle stroke work (SW), total energy
expenditure (PV A), ratio of the stroke work to its theoretical maximum (Qioqq) and cardiac energetic
efficiency (CWE = SW/PV A) were estimated.

Ees, Eo, SW and PV A were significantly different between measurements for all cardiovascular
reflexes. Fo/FEes ratio, Qioad and CW E were unaffected between measurements. Acute myocardial
infarction contributed to a significant depression in cardiac contractility, augmented cardiac SW and
higher oxygen consumption. An unbalanced increase in workload and oxygen consumption resulted in a
depression of Qoaq and CW E. Activation of cardiovascular reflexes in infarcted hearts revealed similar
hemodynamic responses as in the control group for F,, SW and PV A.

These findings indicate the autonomic reflexes revealed a balanced control of induced homeostatic
perturbations by simultaneously modeling cardiac contractility, arterial tone and stroke work, in such a
way ventriculo-arterial coupling and cardiac efficiency were maintained close to optimal values. Acute
myocardial infarction resulted in a deterioration of F,/Ees ratio, Qioad and CW E. After heart ischemia,
activation of autonomic reflexes revealed that cardiac efficiency and energy transmission to the arterial
system were optimized differently according to each reflex.

Keywords: Cardiovascular reflexes, Acute myocardial infarction, Single-beat method, Ventriculo-
arterial coupling, Cardiac efficiency

The evaluation of the left ventricle (LV) per-
formance is of high importance in clinical prac-
tice and physiologic investigation [Rodriguez et al.,
2015]. To characterize LV pump function, vol-
ume and pressure signals may be combined to con-
struct pressure-volume (PV) loops Figure 1. Each
counter-clockwise loop represents one cardiac cycle.
The shape and position of the PV loop reflects the
interactions between the mechanical properties and
the preload and afterload states of the myocardium

[Ten Brinke et al., 2010]. A wide variety of indices
that can be estimated from pressurevolume (PV)
loops have been proposed to characterize LV sys-
tolic and diastolic performance, mechanical energies
and efficiency.

The end-systolic pressure and volume relation-
ship (ESPVR) is generally accepted as a reliable,
sensitive and load-independent measure of the sys-
tolic function of the LV. Its slope has been shown to
be related to LV contractile state [Burkhoff et al.,
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Figure 1: Left ventricular pressure-volume loop. Area
inside is highlighted in blue. The slopes of LV elas-
tance (Fes) and arterial elastance (F,) are shown. Vs:
end-systolic volume; P.s: end-systolic pressure; Veq:
end-diastolic volume; Pes: end-systolic pressure; Vp:
volume-intercept; PE: potential energy.

2005]. Several methods have been proposed to de-
rive the ESPVR from a single, steady-state beat
[Chen et al., 2001; Kjorstad et al., 2002; Senzaki
et al., 1996; Shishido et al., 2000; Takeuchi et al.,
1991], with promising and reliable results. The
single-beat method ultimately facilitates ESPVR
estimation particularly when coupled with emerg-
ing noninvasive techniques to measure pressures
and volumes in the clinical setting [Ten Brinke
et al., 2010].

In this study, it is presented a computational soft-
ware for researchers to manage physiological PV
data that takes full advantage of single-beat method
to estimate beat-to-beat LV and arterial physio-
logic properties. This software was used to capture
instantaneous and dynamic hemodynamic changes
in ventriculo-arterial coupling and cardiac perfor-
mance in in-vivo rabbits during acute cardiovas-
cular perturbations, including short term reflexes
(mechano- and chemoreflexes) and diseases (my-
ocardial infarction).

1. Background

1.1. Cardiovascular regulation

In this study, three mechanisms of autonomic bal-
ance of the cardiac system are analyzed: (1) cardiac
baroreflex (BR), (2) arterial chemoreflex (CR) and
(3) von Bezold-Jarisch reflex (BJR).

The cardiac baroreflex modulates a spontaneous
fluctuation in the BP in an opposite fluctuation
of HR by a negative feedback loop [Jordan et al.,
2002]. When BP is elevated due to an afterload
stimulation, baroreceptor afferents increase their

firing rate, resulting in a decrease of impulses trans-
mitted from autonomic nervous system to the heart
and blood vessels, through the efferent sympathetic
pathways. This causes the heart rate to slow down
and peripheral blood vessels to dilate, thus decreas-
ing BP back to normal [Spyer, 1989].

The arterial chemoreflex is a critical mechanism
of control and regulation of the ventilatory re-
sponses [Wade et al., 1970], ensuring oxygen de-
mand is met in various physiological conditions.
Whenever arterial pressure of Oy exceeds a critical
level, arterial chemoreceptors become stimulated,
resulting in a decrease of sympathetic nervous activ-
ity and, thus, depression of ventilation rate, mean
arterial BP and HR to compensate the high levels
of arterial pressure of O,.

The von Bezold-Jarisch reflex, also known as car-
diopulmonary reflex, is an inhibitory reflex induced
by the stimulation of heart’s receptors, either chem-
ical or mechanical. When the heart’s receptors
sense stimuli, due to the presence of chemical haz-
ards absorbed in the blood, cardiopulmonary affer-
ent fibers are activated, causing a massive stimula-
tion of parasympathetic and inhibition of the sym-
pathetic activity. This results in a profound and
simultaneous reduction in arterial BP and H R [Co-
leridge and Coleridge, 1980; Krayer, 1961].

1.2. Left ventricle end-systolic elastance as
contractility index

In ventricular ejection, arterial pressure increases
and the stroke volume (SV) is transferred into the
aorta. The end-systolic volume (V) is a function
of intrinsic cardiac contractility and arterial pres-
sure: for the same V.4 and contractility, if arte-
rial pressure at systole was less, then V., would
also be lower and SV greater, resulting in a PV
loop shift to the left. Nothing else would be mod-
ified about the heart or arterial system properties
[Gupta et al., 1989]. The resultant potential end-
systolic PV points possible as arterial pressure is in-
dependently varied describe the end-systolic PV re-
lationship (ESPVR). Its slope is the LV end-systolic
elastance (Ees). Eos (mmHg/mL) provides a use-
ful, load independent measurement of myocardial
contractility and systolic function [Sagawa et al.,
1977]. Since LV performance is not only influenced
by ventricular stiffness, but also by biochemical and
geometric properties [Borlaug and Kass, 2011], E.
should be considered as a measure which integrates
LV systolic function, as well as the complex and
modulating effects of the functional, structural and
geometric characteristics of the LV and its contrac-
tile efficiency [Kass, 2002].
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in which P, represents LV end-systolic pressure
(mmHg), Ves (mL) LV end-systolic volume and V
(mL) the intercept in the volume axis.

Several authors have proposed methods for
computing the ESPVR from a single PV loop.
[Takeuchi et al., 1991] simulated end-systolic iso-
volumic pressure by cosine fitting of the pressure
curve, as done by [Sunagawa et al., 1980], to locate
a theoretical maximum pressure P;g, that would be
attained if ejection did not take place. The FE.g
is then computed as the slope of the line connect-
ing the point defined by (Veq, Pmaz) to the end-
systolic point on the PV loop. Other authors re-
lived on a time-varying elastance model to derive
E.s [Chen et al., 2001; Senzaki et al., 1996; Shishido
et al., 2000]. Recently, Ten Brinke et al. [2010] us-
ing Takeuchi et al.’s technique proposed a modified
fitting scheme that would achieve good estimations
of intercept volumes.

In this study, ESPVR were estimated following
the single-beat method proposed by Ten Brinke
et al. [2010]. Maximal pressure of an isovolumet-
ric beat, P, is determined by fitting a fifth-
order polynomial to the LV pressure curve, exclud-
ing all data points that lie after dP/dt,,q, and be-
fore dP/dtm, and those after the time-point when
dP/dt increased above 15% of dP/dtn.

1.3. Effective arterial elastance

The arterial system, as afterload, can also be as-
sessed from the PV loop and can be characterized
by its elastance. E, (mmHg/mL) corresponds to
the total load imposed on the LV, covering the
complex association of different arterial properties,
including total arterial compliance, characteristic
impedance, peripheral arterial resistance (PVR)
and diastolic time intervals [Sunagawa et al., 1983].
Mathematically, it is approximated by the ratio of
P.; to stroke volume SV [Kelly et al., 1992].

1.4. Ventriculo-arterial coupling

A contractility or arterial tone that is too high or
too low decouples the natural function of the cardio-
vascular system, leading to cardiac failure indepen-
dent of myocardial ischemia and related systemic
disease processes [Guarracino et al., 2013]. When
LV ejects blood into the arterial system, LV work-
load and arterial system optimally match one an-
other, which can be quantified by ventriculo-arterial
(V-A) coupling analysis. This optimization is per-
formed without excessive changes in LV pressure,
and the mechanical energy of LV ejection is com-
pletely transferred from the ventricle to the periph-
eral vascular system [Kelly et al., 1992; Sunagawa
et al., 1983]. V-A coupling can be defined as the
ratio of elastances (F,/E.s).

The V-A coupling ratio has been consistently

demonstrated to be a reliable and effective measure
of cardiovascular performance [Guarracino et al.,
2007; Suga, 1969; Sunagawa et al., 1983]. De Tombe
et al. [1993] and other investigators have demon-
strated that the efficiency of the cardiovascular
system is optimal when E,/FE.s is in the interval
0.3 — 1.3. This range is also observed in dogs and
cats, suggesting that it has been conserved through
mammalian evolution [Chantler et al., 2008].

The role of V-A coupling in the assessment of
cardiovascular function is becoming very clear, of-
fering new and complementary perspectives for un-
derstanding how both heart and arterial systems
work together, in order to optimize cardiovascular
efficiency. E,/FE.s ratio has become considerably
useful in characterizing pathophysiology of altered
hemodynamic profiles and testing the effectiveness
of treatments [Guarracino et al., 2013].

1.5. Cardiac workload and total energy con-
sumption

The area inside the left ventricle PV loop dur-
ing a single cardiac cycle represents the workload
(SW) produced by the ventricle to eject blood. SW
(mmHg - mL, unit of energy) is maximal when
all the energy from the ventricles is transferred to
the arterial system, which occurs when E, = E.;
[Burkhoff and Sagawa, 1986; Glower et al., 1985].
The ratio of SW to SW,,,4, quantifies the degree of
optimality of the afterload (Qoad)-

The pressure-volume area (PVA) (mmHg - mL)
is equal to the sum of LV potential energy (PE)
and SW, representing all the energy that the ventri-
cle requires to contract and pump blood under the
given loading conditions [Suga, 2003]. PV A corre-
sponds to the total mechanical energy of a ventric-
ular beat and has a linear correlation with myocar-
dial oxygen consumption [Hayashi et al., 2000; Suga
et al., 1983]. PE is the mechanical energy avail-
able in the ventricle at end-systole, which is not
converted into external work and dissipates as heat
during relaxation.

The ratio of SW to PV A corresponds to the ef-
ficiency of cardiac contraction (CW E), also known
as efficiency of the heart. CW E is a function of ven-
tricular loading and inotropic state, increasing with
contractility enhancement and decreasing with af-
terload [Nozawa et al., 1988].

2. Methods and implementation

2.1. In-vivo measurements

The data was acquired from controlled experiments
in fourteen anesthetized, paralyzed and artificially
ventilated New Zealand rabbits (3.35 £ 0.85 kg) of
either sex. The protocol was conformed accord-
ing to national laws and international guidelines.
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Figure 2: Detection of the corner points of a PV loop, using a method proposed by [Lankhaar et al., 2009].
For each quadrant, corner points are defined as the point where the distance to the center of the circumscribing

rectangle is maximal.

An intraventricular impedance catheter was used to
measure simultaneously LV pressure and volume.
All recorded signals were digitized at a sampling
rate of 100 Hz.

Arterial chemoreflex was evoked by injection of
lobeline (20 pg/kg, pH = 7.4 + 0.1) into the carotid
sinus, whereas the Bezold-Jarisch reflex was evoked
by cardiac injection of ATP (0.1 mL; 20 mM,
pH =5.4 £ 0.1). Cardiac baroreflex was assessed
by inflating a Swan-Ganz balloon in the descending
aorta, to raise peripheral resistance. Before repeti-
tion of the test, 30 minutes were allowed to elapse.
Heart ischemia was provoked by ligation of the de-
scending coronary artery.

Detailed information on the experimental proto-
col is presented in Rocha et al. [2003a] and Rosario
et al. [2003].

2.2. Graphical user interface

In this work, a custom Graphical User Interface
was designed and implemented in Matlab to provide
a easy-to-use framework for researchers to man-
age stored pressure-volume data and to compute
single-beat cardiovascular parameters, using the al-
gorithms and methods described throughout this
subsection.

PV data preparation. The first stage is data
selection and filtering. The GUI provides two ways
of removing random and unpredictable noise from
pressure-volume data. A band-pass filter is used
to enhance edges, by suppressing low frequencies,
while reducing the noise at the same time, by at-
tenuating high frequencies. A Savitzky-Golay filter
is a particular type of low-pass filter well-adapted
for data smoothing that replace each data point by
a local average of surrounding data points, mak-
ing it suitable for noise reduction without too much

bias.

Systole identification. In the second stage,
each cardiac cycle’s end-diastolic and end-systolic
points are detected using an automatic algorithm
proposed in Lankhaar et al. [2009]. For each car-
diac cycle, the distance d(t;) of each point in the
PV loop’s corners to its center (V,, P.) is calculated,
and the point with the maximal distance is defined
as the corner point (see Figure 2). The bottom-
right and left-upper corners correspond to the end-
diastolic and end-systolic points, respectively.

[ 1] e

where AV = Vinaz — Vmina AP = Praz — Pmina
Ve = (Vmaz + szn)/2 and P, = (Pma:c + szn)/2
For end-systolic point detection, the interval for t;
only considers points with volume smaller than V,
and pressure larger than P,; for end-diastolic point
detection, the interval considers points with volume
larger than V. and pressure smaller than P..

Every systole must be confirmed by the user, to
reduce any possible misestimation that might influ-
ence the final results. If the user notices the systole
was poorly identified, a correction can be added us-
ing a complementary manual process.

End-systolic elastance estimation. In this
stage, F.s is estimated using a single-beat method
proposed in Ten Brinke et al. [2010] (see Figure 3).
Afterwards, LV cardiovascular properties are auto-
matically derived from FE.s, computing indexes that
characterize V-A coupling, LV systolic performance
and cardiac efficiency.

Visualization tool. In the last stage, results
can be interactively plotted, compared and saved.
The aim of the visualization tool is to present data
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Figure 3: Representation of Ten Brinke et al.’s single-beat method used to estimate the isovolumic pressure
curve and its maximum, Pp.q., from a single ejecting beat. The isovolumetric pressure curve (in red) is fitted
through the isovolumic contraction and relaxation periods. The pressure curve is represented in blue and dP/dt

is represented in green.

in such a way that even someone without any back-
ground in PV data analysis is able to digest the
results, and easily uncover specific trends or make
data-driven conclusions.

2.3. Statistical analysis

Longitudinal results were organized in three differ-
ent measurements: at baseline conditions (M1), im-
mediately after reflex stimulation (M2) and at the
reflex plateau (M3). The last measurement is de-
termined by visual inspection of changes in arte-
rial pressure and LV pressure and volume. In order
to reduce the effect of the artificial respiration, 20
consecutive cardiac beats are selected for each mea-
surement.

In order to visually analyze trends and patterns
over time, results are expressed as beat-to-beat
mean + standard deviation. Linear mixed-effects
models for repeated measurements was employed
to discover patterns of systematic variation across
groups of rabbits (within-subject variation), as well
as aspects of random variation that can distinguish
between individual rabbits (between-subject vari-
ation). Moreover, differences of means between
groups were estimated to examine the effect of my-
ocardial infarction on the cardiovascular properties
in study and how this might compromise the heart’s
response to each reflex stimulation. Statistical tests
were performed in SPSS Statistics 12.0.

3. Results and discussion

In this section, all the results obtained are taken
into consideration, being only displayed the rele-
vant ones. Ventriculo-arterial coupling and cardiac

performance are analyzed for each cardiovascular
reflex, evoked under normal conditions, in order
to capture and further understand how heart’s me-
chanical properties change during these short-term
reflexes. This is followed by a thorough description
of the major hemodynamic changes in a pathologi-
cal cardiovascular system. Finally, in order to cap-
ture how acute interventions might compromise the
heart’s response during reflex activation, cardiovas-
cular coupling, performance and efficiency are ad-
dressed for each reflex, once more.

3.1. Autonomic reflexes in an intact cardio-
vascular system
The closed-loop network of cardiovascular reflexes
in study, in normal conditions, revealed a balanced
control of induced homeostatic perturbations by
modeling both cardiac contractility and arterial in-
put impedance, with consequent changes in stroke
work, in such a way that ventriculo-arterial cou-
pling, mechanical ratio and cardiac energetic effi-
ciency were maintained between optimal values.
The cardiac baroreflex enhanced cardiac contrac-
tility and arterial tone to improve LV workload, ob-
tained at a higher oxygen cost (Figures 4 & 5 -
left). Since Qjoqq remained close to unity during
reflex stimulation, this shows that the arterial sys-
tem was able to extract maximal energy from the
left ventricle [Burkhoff and Sagawa, 1986; Glower
et al., 1985]. Comparing Qjoaqs and CW E indexes,
it seems the energy transmission was more opti-
mized than was oxygen consumption.
Lobeline-induced arterial chemoreflex revealted a
statistically significant increase in both contractil-
ity and arterial input impedance, with simultaneous
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Figure 4: Beat-to-beat mean E.s, Eq, and E,/Fes, evoked on the stimulation of the baroreceptors under normal
conditions (left, n = 42) and after acute myocardial infarction (right, n = 27), for measurements M1-2. Bars

denote standard deviation.
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Figure 5: Beat-to-beat mean SW, PV A, Qioaq and CW E, evoked on the stimulation of the baroreceptors
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under

normal conditions (left, n = 42) and after acute myocardial infarction (right, n = 27), for measurements M1-2.

Bars denote standard deviation.

Measurement M1

Measurement M2

Measurement M1

Measurement M2

I o a b I o a b p — value 1 o a b I 4 a b p — value

E, 70.394  2.605 -0.079  71.220 99.979  18.146  2.888 8.992 <0.001* E, 67.178 2490 -0.032 67.516 | 94.077 16.605 2.675 9.829 <0.001%

Eecs 59.936  2.010 0.000  59.936 87.944 15403 2418 11.778 <0.001* Ees 36.221  0.854 0.011  36.106 | 49.367 6.359  0.946  19.560 <0.001*
E,/FEes 1.176 0.061  -0.001 1.190 1.137 0.078  0.001 1.093 0.14 E,/E.s 1.856 0.079  -0.001 1.871 1.898 0.154  0.018 1.324 0.19

SW 147.380 4.967 -0.169 149.150 | 175.342 15.465 2.251 104.436 | <0.001* SwW 159.944  3.546 -0.179 161.823 | 188.270 16.291  2.461 110.738 | <0.001*

PVA 238.127 8.639 -0.327 241.557 | 275.121 20.267 3.132 176.462 | <0.001* PVA 267.218 8.326 0.286 264.212 | 314.260 25478 4.117 184.560 | <0.001*
Qioad 0.993 0.004  0.000 0.993 0.994 0.003  -0.000 0.995 0.46 Qioad 0.910 0.012  0.000 0.908 0.904 0.022  -0.003 0.987 0.26
CWE 0.619 0.018  0.000 0.618 0.627 0.020  0.001 0.597 0.42 CWE 0.599 0.020  -0.001 0.613 0.598 0.022  0.000 0.599 0.22

Table 1: Mean (p), standard deviation (o) and fit coefficients (a, b and R?) of Ees, Ea, E,/E.s, SW, PV A,
Qioad and CWE in baroreflex stimulation under normal conditions (left, n = 42) and after acute myocardial
infarction (right, n = 27), discriminated by measurement.

reduction of workload and oxygen intake (Figures 6
& 7 - left). Qioaq remained close to unity through-
out the lobeline-induced reflex, which indicates that
the arterial system was able to extract maximal en-
ergy from the left ventricle. However, a decrease
in SW also implicated a loss in energy transmit-
ted to the arterial system, thus influencing total
peripheral resistance. Comparing Q;oqq and CWE
indexes, oxygen consumption was not optimized.
The cardiopulmonary reflex is provoked a simul-
taneous reduction in cardiac contractility, workload
and oxygen demand (Figures 8 & 9 - left), as a
way to protect the heart from injected ATP. Qpaq
remained close to unity. Although CW FE was not
optimized, results indicate that the cardiovascular

system might have attempted to increase cardiac
work efficiency during the ATP-induced von Bezold-
Jarisch reflex.

3.2. Effect of acute myocardial infarction on
heart’s mechanical properties

Coronary ligation contributed to considerable
changes in heart’s mechanical properties. Results
showed an impairment in myocardial contractility
throughout all cardiovascular reflexes in analysis
(compare left and right figures 4-9), as a con-
sequence of myocyte hyperthophy and alterations
in LV architecture due to an oddly distributed
wall tension [Jegger et al., 2007]. Arterial input
impedance was not affected. Since results reported
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Figure 6: Beat-to-beat mean E.s, E, and E,/F.s, evoked on the stimulation of the arterial chemoreceptors
under normal conditions (left, n = 26) and after acute myocardial infarction (right, n = 11), for measurements

M1-2. Bars denote standard deviation.
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Figure 7: Beat-to-beat mean SW, PV A, Qioad and CW E, evoked on the stimulation of the arterial chemore-
ceptors under normal conditions (left, n = 26) and after acute myocardial infarction (right, n = 11), for

measurements M1-2. Bars denote standard deviation.

Measurement M1 Measurement M2

Measurement M1 Measurement M2

1 a a b 1 o a b p — value 1 o a b 1 4 a b p — value

E, 71.143  3.085 0.085  70.251 79.450  6.195  0.934  50.036 <0.001* E, 70.393  2.147 -0.083  71.269 78.700 5532  0.877  51.062 <0.001%

E., 59.736 1.990  0.000  59.736 71.000  6.423  1.024  38.735 <0.001* E., 39.099  1.620 0.041  38.670 | 44.527 4.364 0.646  24.170 <0.001*
E./FEes 1.188 0.062  0.001 1.142 1.132 0.097  -0.002 1.220 0.23 E,/E.s 1.803 0.085 -0.004 1.844 1.774 0.101  -0.006 1.964 0.33

SW 148.621 4.717  0.233  146.172 | 136.506 10.595 -1.276 176.700 | <0.001* SwW 157.940 7.516 0.042 157.495 | 146.349 10.611 -1.175 183.355 | <0.001*

PVA 234.629 9.483 0460 229.798 | 219.733 16.439 -2.358 294.024 | <0.001* PVA 331.037  6.199 -0.093 332.013 | 320.598 12.995 -2.048 385.098 | <0.001*
Qioad 0.992 0.005  -0.000 0.993 0.994 0.004  -0.000 0.994 0.20 Qload 0.824 0.021  0.001 0.816 0.831 0.037  0.003 0.766 0.37
CWE 0.634  0.012 -0.000 0.636 0.622 0.033  0.001 0.590 0.34 CWE 0.477  0.017  0.000 0.474 0.471 0.034  -0.001  0.477 0.44

Table 2: Mean (i), standard deviation (o) and fit coefficients (a, b and R?) of Ees, Ea, Eo/Ees, SW, PV A, Qioad
and CWE in arterial chemoreflex stimulation under normal conditions (left, n = 26) and after acute myocardial
infarction (right, n = 11), discriminated by measurement.

FE, almost twice as large as F.s, there is evidence
of an uncoupled cooperation between ventricle and
arterial systems, with the V-A ratio spanning far
from the optimal conditions. These results suggest
that arterial tone is maintained within the physi-
ological range at the expense of the deterioration
of the energy transfer from the left ventricle to the
arterial system [Asanoi et al., 1995].

In order to maintain adequate perfusion of vi-
tal organs, the failing heart must generate sufficient
blood pressure and flow to overcome the peripheral
resistance. The infarted heart’s response is to dilate
its left ventricle, in order to maintain an adequate
blood pressure and, thus, compensate for the de-

pressed contractility. The pathological ventricular
enlargement, as confirmed by the increased values
in Voq and V.4 in ischemic hearts, seemed to be
a consequence of compensation and not a limiting
factor to depressed hemodynamics and energetics.
Also, it is interesting to point out that this heart’s
dilation was achieved without a significant change
in SV, when compared to the control group, which
clearly confirms SV as a poor indicator of heart
failure or cardiac dysfunction [Maeder and Kaye,
2009].

Results also showed a depression in both Qjoqa
and CWE values. Since the heart is no longer
able to contract at its full potential due to my-
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Figure 9: Beat-to-beat mean SW, PV A, Qioaa and CW E, evoked on the stimulation of the cardiopulmonary
receptors under normal conditions (left, n = 23) and after acute myocardial infarction (right, n = 13), for

measurements M1-2. Bars denote standard deviation.

Measurement M1 Measurement M2

Measurement M1 Measurement M2

1 a a b 1 o a b p — value 1 o a b 1 4 a b p — value

E, 69.998 1.901 0.113  68.816 59.726  7.542 -1.262  99.476 <0.001* E, 67.348  1.695 0.042  66.910 | 56.726  7.637 -1.262 96.476 <0.001%

E., 62.630 1436 0.025  62.364 50.650  8.131  -1.342  92.920 <0.001* E., 37.980  2.021 0.059 37.359 | 31.128  4.226 -0.670 52.219 <0.001*
E./FEes 1.118 0.025  0.001 1.104 1.137 0.089  0.006 0.976 0.26 E,/E.s 1777 0.083 -0.002 1.796 1.826 0.123  -0.002 1.891 0.14

SW 149.492  1.476 -0.072 150.247 | 130.325 9.349 -1.533 178.621 | <0.001* SwW 158.694 4.424 -0.074 159.469 | 158.694 4.424 -0.074 159.469 | <0.001*

PVA 235.308  4.356  0.000 235.308 | 199.943 18.541 -3.025 295.236 | <0.001* PVA 297.260 6.911 0.071 296.510 | 250.505 29.574 -4.813 402.108 | <0.001*
Qioad 0.964 0.015  0.000 0.963 0.956 0.020  -0.002 1.003 0.15 Qload 0.910 0.013  0.000 0.907 0.905 0.021  -0.000 0.900 0.59
CWE 0.635  0.011 -0.000  0.639 0.643 0.022  0.002 0.569 0.17 CWE 0.534  0.019 -0.000  0.538 0.559 0.041  0.005 0.410 0.11

Table 3: Mean (i), standard deviation (o) and fit coefficients (a, b and R?) of Ees, E,, Eo/Ees, SW, PV A,
Qioad and CWE in von Bezold-Jarisch reflex stimulation under normal conditions (left, n = 23) and after acute
myocardial infarction (right, n = 13), discriminated by measurement.

ocardial necrosis, cardiac work increased as an ef-
fort to maintain the arterial tone within the phys-
iological range. Interestingly, impairment in my-
ocardial contractility did not necessarily result in a
deterioration of cardiac work performance between
groups. A possible explanation for the improved
left ventricle performance lies on increased wall ten-
sion. Increased end-systolic pressure could act on
mechanical stretch-activated channels, creating a
transmembrane pressure gradient that could be suf-
ficient to increase calcium release [Morris, 1990].

Moreover, the overall augmentation of LV stroke
work was obtained at a higher oxygen cost. Stahl
et al. [1988] also found a significant increase in mean

oxygen consumption in dog hearts with impairment
of contractile function. Unbalanced increase in SW
and PV A indexes resulted in an overall decrease
in cardiac work efficiency, as it would be expected
from a failing heart.

3.3. Autonomic reflexes in a pathological
system

Activation of cardiovascular reflexes in ischemic
hearts revealed similar hemodynamic responses as
in the control group, despite an evident impairment
of cardiovascular system. For all reflexes, induced
homeostatic perturbations were controlled through
modeling LV contractility, arterial input impedance
and LV stroke work.



The cardiac baroreflex targeted an increase in
cardiac contractility and arterial tone to improve
cardiac stroke work (Figures 4 & 5 - right). Sur-
prisingly, acute myocardial infarction did not seem
to compromise how SW is affected by the reflex.
Total energy expenditure was compromised, sug-
gesting an abnormal oxygen intake by the ischemic
heart. Results show an attenuation of CW E change
in ischemic hearts.

The arterial chemoreflex in ischemic hearts
elicited an increase in contractility and arterial in-
put impedance, with simultaneous fall in both car-
diac stroke work and oxygen demand (Figures 6
& 7 - right). Interestingly, results suggest the in-
farcted heart chose to optimize energy transmission
to the arterial system over cardiac efficiency.

Finally, activation of ATP-induced von Bezold-
Jarisch reflex resulted in a significant decrease in
LV contractility, stroke work and heart’s energy
consumption (Figures 8 & 9 - right), protecting
the heart from hazardous chemicals. Comparing
Qioaq and CW E indexes, this cardioprotective re-
flex chooses to optimize energetic efficiency, rather
than energy transmission to the arterial system.

4. Conclusions

The closed-loop network of cardiovascular reflexes
in study revealed a balanced control of induced
homeostatic perturbations by modeling both car-
diac contractility and arterial input impedance,
with consequent changes in stroke work, in such
a way that ventriculo-arterial coupling, mechanical
ratio and cardiac energetic efficiency were main-
tained between optimal values. While the car-
diac baroreflex enhanced cardiac contracility and
arterial tone to improve stroke work, the arte-
rial chemoreflex focused on reducing oxygen intake.
The cardiopulmonary reflex provoked a reduction
in both cardiac workload and oxygen demand, as a
way to protect the heart from injected ATP. Each
reflex optimized the cardiac work and energetic ef-
ficiencies dissimilarly.

Acute myocardial infarction contributed to con-
siderable changes in heart’s mechanical proper-
ties. Cardiac contractility was significantly re-
duced. Arterial input impedance was not altered,
providing evidence that the arterial tone was main-
tained within the physiological range at the ex-
pense of the deterioration of the energy flow be-
tween left ventricle and arterial system. As a result,
ventriculo-arterial coupling became compromised.
End-diastolic and end-systolic volumes were aug-
mented, as a consequence of left ventricular enlarge-
ment to compensate for the depressed contractility,
though stroke volume was unaffected. Interestingly,
the workload was enhanced as an effort to maintain
the arterial tone within the optimal physiological

range, with no evidence of deterioration. Since the
overall improvement of stroke work was obtained at
a higher oxygen cost, cardiac work efficiency and ra-
tio of stroke work to its theoretical maximum were
depressed.

Activation of cardiovascular reflexes in ischemic
hearts revealed similar hemodynamic responses as
in the control group, despite an evident impairment
of cardiovascular system. For all reflexes, induced
homeostatic perturbations were controlled through
modeling LV contractility, arterial input impedance
and LV stroke work. The cardiac baroreflex fo-
cused in improving the left ventricle stroke work,
whereas the lobeline-induced arterial chemoreflex
targeted a reduction in the heart’s abnormal oxy-
gen intake. The von Bezold-Jarisch reflex reduced
heart’s workload and energetic demand by choosing
to optimize cardiac energetic efficiency, rather than
energy transmission to the arterial system.

The proposed methodology disclosed consider-
able results regarding the autonomic balance of the
cardiac system in the point of view of cardiovascu-
lar efficiency and ventriculo-arterial coupling dur-
ing acute cardiovascular perturbations, including
short term reflexes (mechano- and chemoreflexes)
and diseases (myocardial infarction). The major
advantage of the developed computational software
is, undoubtedly, the ability to aggregate PV data
in a clear and physiologically relevant picture, and
to accurately compute a wide variety of single-beat
indexes that can characterize and quantify chamber
contractility and performance.

Given its advantages, future studies should fo-
cus on characterizing performance and ventriculo-
arterial coupling in different clinical settings, such
as drug testing and device therapy. Recent
literature show that activation of cardiovascular
chemoreceptors after myocardial infarction was par-
tially reversed by losartan microinjection at the
level of the central nervous system, suggesting that
its angiotensin receptors were involved in the con-
trol of the autonomic outflow of cardiovascular re-
flexes [Rocha et al., 2003b; Rosario et al., 2003].
This analysis will certainly allow to better under-
stand autonomic modulation of cardiovascular re-
flexes.
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