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JUAN M. CAMUS,1 AGUSTÍN RAMÍREZ,2,4 MARCELO RISK,3,4 PABLO J. PALACIOS,2 EDUARDO DE FORTEZA,2

and EDMUNDO CABRERA FISCHER
2,4

1Faculty of Engineering, University of Mendoza, Mendoza, Argentina; 2Favaloro University, Buenos Aires, Argentina
3Buenos Aires Institute of Technology, Buenos Aires, Argentina; and 4CONICET, Buenos Aires, Argentina

(Received 9 September 2011; accepted 25 June 2012)

Associate Editor Pedro del Nido oversaw the review of this article.

Abstract—Acute animal models of cardiac failure are neces-
sary to study new therapeutic options and should be thor-
oughly characterized from the hemodynamic point of view,
including the response of the autonomic nervous system.
Thus, the aim of this work was to characterize the patho-
physiological adaptation of the autonomic nervous system to
acute cardiac failure induced by high doses of halothane (4%).
In six sheep, electrocardiogram, aortic pressure and flow were
obtained and calculation of systemic vascular resistances was
done. Variability analyses in the time and frequency domains
were also performed. In the time domain, after heart failure
induction using halothane 4%, a significant decrease of both
aortic blood flow variability (from 0.13 ± 0.05 to 0.09 ±
0.02 L min�1, p< 0.05) and the broad band spectra (from
1.80 ± 0.66 to 1.25 ± 0.57 L2 min�2, p< 0.005) was observed.
Both mean RR (472 ± 44 to 567 ± 68 ms, p< 0.01), and low
frequency band of RR intervals (from 6.2 ± 0.9 to 7.7 ±
1.5 ms2, p< 0.05), showed a significant increase, and no
change in systemic vascular resistance (from 54.9 ± 29.5 to
50.3 ± 38.4 mmHg min L�1), all of them after heart failure
induction. We conclude that in this model of heart failure the
autonomic nervous system activity is still functioning, the
combination of increased mean and RR low frequency band,
with no change in systemic vascular resistance suggest an
increase in the sympathetic control (due to maintained SVR),
in an attempt to compensate the depression in the cardiac
activity and hemodynamic alterations after severe myocardial
depression induced by halothane.

Keywords—Heart rate variability, Sympathetic control,

Parasympathetic control, Cardiac failure.

INTRODUCTION

Heart failure syndrome is the last stage of almost all
cardiopathies having a significant high rate ofmortality.

Besides, there are an increasing and dramatic number of
hospitalizations due to acute decompensations.1,14

Therapeutic options include not only pharmacologi-
cal treatments but also the use of mechanical assist
devices, developed to obtain a hemodynamic improve-
ment of acute heart failure. To this scope, in 1967,
Dr. Kantrowitz introduced the intra-aortic balloon
pump that, for the first time, allowed the recovery of
patients with left ventricular failure post myocardial
infarction.21 However, in spite of all pharmacological
options and newer devices developments, reversion of
very severe circulatory failure still remains a significant
cause of mortality. As the consequence of the above
described, several models of acute heart failure were
developed as a tool to test new treatments.11,19,26

More recently, with the aim to develop an acute ani-
mal model of severe cardiac failure, without the unde-
sirable characteristics previously described,11,16,19,26,35

the authors reported studies performed in dogs and
sheep in which high doses of halothane (3 or 4%) were
administered.4–6 The myocardial depression resulting
from this pharmacological intervention was due to the
well-known negative inotropic effect of halothane.34 So
this model was used to study different techniques of
cardiovascular assistance.7 In addition, it must be
mentioned that therapeutic doses of halothane are able
to decrease the barorreflex function, as it was previously
described.3,10,12 However, to the best of our knowledge,
no studies of the barorreflex control and variability in
experimental animals in which severe cardiac failure
were induced with high doses of halothane (4%) have
been yet reported.

Thus, the aim of this study was to characterize the
pathophysiological hemodynamical changes produced
by the autonomic nervous system in acute cardiac failure
induced by high doses of halothane.
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MATERIAL AND METHODS

Six adult Corriedale sheep weighing 30 ± 3 kg and
aged 12 ± 3 months were included in this study. All
animals were quarantined, vaccinated, treated for skin
and intestinal parasites, before the experimental session.
An overnight fast was mandatory for each animal
before surgery. Anesthesia was induced with sodium
thiopentone (20 mg kg�1, intravenously) and later
maintained with halothane (1%). In all cases, respira-
tory mechanical assistance was performed using a ven-
tilator (Neumovent 910, Tecme S. A., Cordoba,
Argentina). A pulse oximeter was used in all animals
(Pulse Oximeter 515A, Novametrix Medical Systems
Inc., Wallingford, USA). Fine adjustments were made
in the tidal volume and respiratory rate to maintain PO2

(oxygen partial pressure) within physiological limits.

Surgery and Sensor Placement

A thoracotomy was performed at the level of the
fourth intercostal space and an ultrasonic flowmeter
(Model T206, filter setting: 100 Hz, Transonic Systems
Inc., 16A/20A Probes, Ithaca, NY, USA) was posi-
tioned in the ascending aorta (Fig. 1). Afterwards, a
pressure microtransducer (Millar microtip catheter)
was positioned in the aortic arch near ultrasonic
flowmeter. Finally, the operator confirmed that the
quality of biological signals were optimal.

All animals received Heparin 300 units kg�1.
Besides, flush solutions used during the experimental
session were heparinized. To maintain the temperature

of the animals at 37.5 �C, an electrical heating blanket
was used.7

Measurements

Along all experiments a surface electrocardiogram
and mean aortic flow were visualized in order to
monitor the hemodynamic state. The former together
with the pressure signal, were electronically amplified
(Model 4600 Conditioner Cage Gould Inc., Cleveland,
OH, USA) in all cases.5,7

Electrocardiogram, pressure and flow signals digi-
tization were performed using a data acquisition board
(PCI 1200, National Instruments, Austin, TX, USA),
and a LabView 8.0 software (National Instruments,
Austin, TX, USA), specifically developed in our Lab-
oratory. All signals were stored during the adminis-
tration of halothane at 1% and after heart failure
induction using halothane 4%. The sampling fre-
quency was set at 500 Hz.

Control state was defined as that in which pressure
and blood flow signals remained stable at least 5 min
during halothane 1% administration, and cardiac
failure was considered the state in which depressed
systolic aortic pressures remained at least 5 min in
steady state. Storage of all signals in control and car-
diac failure state was performed during 15 min in each
experiment. As can be seen in Fig. 2, aortic pressure
decrease and remain stable after around 15 min of
halothane 4% administration and remain stable for
1.5 min (steady state).

Each animal was euthanized with an overdose of
sodium thiopentone after the experimental session, in
compliance with the ‘‘Guide for the care and use of
laboratory animals’’ published by the National Insti-
tutes of Health (NIH Publication No. 85-23, revised
1985).

Data Analysis

The systemic vascular resistance (SVR) was calcu-
lated as:

SVR ¼ MAP

MAF

where MAF was the mean aortic blood flow and MAP
is the mean aortic pressure.27

The study of the autonomic control was performed
by a variability analysis of RR interval and mean aortic
pressure. In addition, mean aortic flow and SVR vari-
ability was evaluated. When aortic pressure and flow
signals remained stable for a period of 15 min after the
administration of halothane 4%, data acquisition for
heart failure state was begun. To determine the RR
interval, a specific detection algorithm through R wave

FIGURE 1. Sensors placement. Aortic pressure (P) was
measured by a microtip catheter and aortic blood flow (F) was
monitored by an ultrasonic flowmeter placed around
ascending aorta.
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identification was designed. Electrical artifacts and
cardiac arrhythmias recorded along each experimental
session were corrected. Abnormal RR intervals, defined
as those who differ more than 15% of the previous RR
interval, were completely removed.

Our analysis includes that for each beat recorded;
we calculated the values of RR interval, mean aortic
pressure, mean aortic blood flow, and SVR. Then, beat
series of all signals were constructed.31

Hemodynamical beat series were sampled at a
constant rate of 4 Hz for each animal for temporal
series generation, and then de-trending was performed.
The variability analysis was performed in both, the
time and frequency domain. The biological signals
obtained were analyzed in the time domain that
includes calculus of the mean and the standard devia-
tion (SD). These calculations allow us to know the
dispersion of the recorded values (variability) around
the average of each variable analyzed.

We utilized the power spectral density analysis of
the temporal series of signals for the study in the fre-
quency domain. The method used to estimate power
spectral density was based on Fast Fourier Transfor-
mation. The heart rate and MAP variability in the
frequency domain were obtained using the following
spectral measurements: (a) low frequency band (LF),
which represents the sympathetic and parasympathetic
nervous system activity (range 0.04 and 0.15 Hz) and
(b) high frequency band (HF), which represents the
parasympathetic nervous system activity (range 0.15
and 0.4 Hz). Variability of SVR and MAF was eval-
uated using broad band spectra (BBS), energy in the
heart period power spectrum up to 0.4 Hz.20 To nor-
malize the distributions of the LF and HF indexes, we
used a natural logarithm transformation.

Values are expressed as mean ± SD. All data were
analyzed using two-tailed paired Student t tests. A

p< 0.05 was considered as an indicator of statistical
significance. Statistical analysis was performed using R
language.30

RESULTS

There were no animal deaths or cardiac arrhythmias
during any experimental session, so all signals could be
included in the data analysis.

As can be seen in Table 1, cardiac failure induced by
halothane 4% was characterized by a significant
decrease in MAP (p< 0.005), accompanied by a sig-
nificant increase of RR intervals (p< 0.01). MAF and
SVR failed to show any change.

Very few artefacts and ectopic beats were detected.
The analysis in the time domain (Table 2), showed a
significant decrease of aortic flow variability (p< 0.05)
without changes in the other parameters evaluated.

The frequency domain analysis is shown in Table 3.
LF values of RR intervals increased significantly
(p< 0.05) in acute heart failure. In accordance to that
observed in the time domain, MAF BBS showed a
significant decrease (p< 0.005), while no significant
differences were found in the variability analysis of
MAP and SVR.

FIGURE 2. Aortic pressure. Aortic pressure (AoP) measured before and after a prolonged halothane administration. Note that the
quick decrease of aortic pressure is maintained during halothane 4% administration; however in the last 1.5 min, AoP remains
stable.

TABLE 1. Hemodynamic data in control and induced heart
failure (n 5 6).

Control Heart failure p

Mean AoP (mmHg) 92.09 ± 21.07 69.25 ± 20.04 0.001

Mean RR (ms) 472.98 ± 44.42 567.07 ± 67.87 0.008

Mean AoF (L min�1) 2.02 ± 0.80 1.93 ± 1.10 0.699

SVR (mmHg min L�1) 54.90 ± 29.47 50.28 ± 38.42 0.304

Values are mean ± SD. RR: temporal interval between R waves.

AoF: aortic flow. AoP: aortic pressure. SVR: systemic vascular

resistance. p values determined by two-tailed paired t test.
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DISCUSSION

An acute model of heart failure should mimic as pos-
sible a well-defined cardiovascular lesion, for instance,
myocardial depression, and produce a significant circu-
latory impairment accompanied by a low cardiac output
and arterial pressure.

In this pharmacological model of heart failure, the
high dose of halothane administered produced, as
expected, a significant reductionof aortic pressure, higher
than20%. In this scenario, an increaseof heart ratewould
be expected if the baroreflex response was preserved.
However, the reduction of aortic pressure was associated
with a widening of the RR intervals (bradycardia).

The model of experimental heart failure used in this
study was previously validated; nevertheless, it is
noteworthy that typical clinical presentation of circu-
latory failure is not completely mimicked as occurred
with others reported in the literature. Anyway, the
selected model is the most adequate to fulfill our pur-
poses and have no limitation to use left ventricular
assist devices that need to be synchronized with the
native cardiac rhythm. This is not possible in ischemic
model of acute heart failure in which cardiac
arrhythmias could difficult the catheter balloon pump
synchronization along the circulatory assistance.4–7

It is well known that halothane produces myocar-
dial impairment and induces rapid severe cardiac fail-
ure in animals.34 Furthermore, halothane reduces
myocardial contractility in a dose-dependant way; at
maximum concentrations of halothane myocardial
performance was severely compromised.15 A compar-
ative study performed in rabbits that evaluate the
cardiovascular effects of volatile halogenated agents
anesthetics, reported that halothane affects myocardial
contractility more than isoflurane.24 In addition,
anesthetics influence the central control of the circu-
lation. Evaluated by steady state relationship between
blood pressure and heart rate in humans, it was shown
that baroreflex sensitivity was consistently diminished
during anesthesia with halothane (combined with
nitrous oxide in 6 patients and alone in 2 patients),
allowing the combination of reduced blood pressure
and bradycardia.3

Neurohormonal change is an established compo-
nent of the hemodynamic alteration in chronic heart
failure; patients express higher mean heart rate and a
lower variability.8,20 Defective parasympathetic con-
trol and sympathetic activation have been documented
in chronic heart failure.9,13,17

In this experimental series, the reduced heart rate
originated by over-doses of halothane could be
ascribed to a sympathetic inhibition or an increased
vagal tone that could be related to the vagotonic effect
of halothane.12,25 However, spectral measurements of
RR intervals showed a significant increase of LF
spectral band with a non significant change in HF
spectral band, indicating an increase in sympathetic
activity. This could be related to the fact that the
predominant action of halothane seems to be at the
effector site, the heart, but not on the baroreflex
activity.32 Thus, suggesting that the myocardial
depression and hemodynamic changes observed can be
ascribed to the halothane effects.

This was further supported by the fact that halo-
thane seems to have a dual effect on baroreflexes. In
lower concentrations (<1.25%) the baroreflex activity
seems to be reduced while in higher concentrations no
actions were observed.2 By this way, the fact that the
RR sympathetic activity, represented by the LF band
in the frequency domain analysis, is increased seems to
be coherent with the fact that the cardiac depressive
effects of halothane trigger a reflex sympathetic
response to compensate a reduction of cardiac output.
In addition, the data also supports the idea that the
arterial baroreflexes seems to be able to sense the
decrease in blood pressure and respond with an
increase in sympathetic activity in an attempt to
antagonize the depressive myocardial actions of halo-
thane that, instead to be unable to revert the condition,
is able to maintain a compensative steady state.

TABLE 2. Time domain results in control and induced heart
failure (n 5 6).

Control Heart failure p

SD mean AoP (mmHg) 0.95 ± 0.29 0.86 ± 0.35 0.573

SD RR (ms) 2.08 ± 0.72 2.32 ± 0.65 0.541

SD mean AoF (L min�1) 0.13 ± 0.05 0.09 ± 0.02 0.022

SD SVR (mmHg min L�1) 3.74 ± 3.08 2.88 ± 2.96 0.088

Values are mean ± SD. RR: temporal interval between R waves.

AoP: aortic pressure. AoF: aortic flow. SVR: systemic vascular

resistance. p values determined by two-tailed paired t test.

TABLE 3. Frequency domain results in control and induced
heart failure (n 5 6).

Control Heart failure p

LF AoP (mmHg2) 2.48 ± 1.25 3.66 ± 0.74 0.144

HF AoP (mmHg2) 6.23 ± 0.72 5.95 ± 0.81 0.473

LF RR (ms2) 6.16 ± 0.93 7.65 ± 1.45 0.044

HF RR (ms2) 7.09 ± 0.80 7.32 ± 0.41 0.353

BBS AoF (L2 min�2) 1.80 ± 0.66 1.25 ± 0.57 0.001

BBS SVR

(mmHg2 min2 L�2)

8.24 ± 1.55 7.15 ± 2.60 0.075

Values are mean ± SD. RR: temporal interval between R waves.

AoP: aortic pressure. AoF: aortic flow. SVR: systemic vascular

resistance. LF: natural logarithm of the low frequency spectral

band. HF: natural logarithm of the high frequency spectral band.

BBS: natural logarithm of the broad band spectra. p values deter-

mined by two-tailed paired t test.
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This situation is analogous to that observed in
compensated cardiac failure where the increased sym-
pathetic activity tends to maintain ‘‘normalized’’ the
hemodynamic in normal activities. However, when an
additional effort must be performed, this compensa-
tory response is blunted and symptomatology appears.

Respect to halothane concentration, it has been
reported that lower doses of halothane (0.8, 1.6, and
2.4%) do not produce bradycardia, or inclusively,
increment heart rate in anesthetic dogs respect to
awake state. Additionally, with these halothane con-
centrations, it was found that time (SD) and frequency
(LF and HF) domain variability indexes were con-
centration-related reduced.29

Time domain results show that only MAF (cardiac
output) variability was significantly diminished during
induced heart failure with high doses of halothane.
This result was also confirmed with the spectral mea-
surements of BBS that reflects overall variability. Time
and frequency domain parameters of SVR variability
in induced heart failure instead of being reduced, were
not statistically different from control state. In addi-
tion, Liu et al. analyze the relationship between heart
rate variability and stroke volume variability (ultra-
sound based technique) in healthy subjects. They
found no significant correlation of LF, HF and LF/HF
between them, suggesting that stroke volume vari-
ability provides different information about autonomic
nervous system activity than heart rate variability.22

Respective to MAP variability measurements, no
statistical differences was found. LF oscillations reflect
the vascular sympathetic modulation28; so the non-
significant increment of LF AoP could suggest an
increase in aortic distensibility. Related to this, Hettrick
et al., using direct aortic measurements inmongrel dogs,
demonstrated that halothane produces an increase in
aortic distensibility but does not alter characteristic
aortic impedance.18

Frequency ranges of power spectral densities com-
ponents used in this study were identical to those
measured in human subjects.33 Other authors have
evaluated LF and HF components in sheep with dif-
ferent cut-off frequencies, selected taken into account
the high respiratory frequencies observed.23 Regarding
to this is important to note that in our experiments all
sheep were assisted by a ventilator with respiration
rates of around 12 breaths per minute.

In conclusion, in this model of heart failure, the
myocardial depression induced by halothane 4%, is
associated to changes in myocardial function related to
a depressed myocardial activity, blood pressure, heart
rate and cardiac output variability. The baroreflex
activity seems to be active and able, through an
increased sympathetic activity, to compensate the
halothane altered cardiac hemodynamic.

LIMITATIONS OF THE STUDY

The lack of significant statistical differences in the
variability of some hemodynamical parameters could
be ascribed to the high variability of the data measured,
the short term time of evaluation and/or the low number
of animals studied. In addition, it could be attributed to
the acute and open chest animal preparation.

Another limitation found in this short experimental
series was the non-significant reduction of cardiac
output in induced heart failure, meanwhile the aortic
pressure was significantly decreased. Additionally, the
presence of bradycardia in this particular animal
model is far from the situation observed in clinical
heart failure.
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