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The experiments with low-intensity ultrasound stimulation of isolated rat heart revealed
frequency-dependent effects of ultrasound in a frequency range of 45-298 kHz on cardiac

activity.
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We previously demonstrated the effects of low-inten-
sity and low-frequency (45 kHz) ultrasound (US) on
isolated rat heart, which manifested in an increase in
left ventricle developed pressure [1]. By contrast, no
such effects were observed in a high-frequency (mega-
hertz) ultrasound range [4]. Evidently, the effect of US
stimulation of biological objects (tissues, organs, and
individual cells) depends on the main parameters of
US stimulation, although specific character of this
dependence should be determined experimentally.
Specifically, one can expect potentiation of the bio-
logical effects with increasing US intensity, and it was
corroborated in the experiments [1].

Until now, the effect of another important US
parameter (frequency) on the efficiency of heart sti-
mulation remained unclear for some reasons. First, the
character of this effect is difficult to predict because
of complexity and variability of possible ways of US
action. Second, few previous studies of the effect of
US stimulation on isolated heart tested only some fre-
quencies in a megahertz range [4-6].

This paper describes the dependence of cardiac
activity of rat isolated heart on frequency of US sti-
mulation in the range of 45-298 kHz.
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MATERIALS AND METHODS

Perfusion of isolated heart was described in details
elsewhere [1].

The experiments were carried out in acoustic setup
containing a reservoir with an US stimulator incorpo-
rated into its bottom and driven by a G3-123 sine voltage
generator in the range of 45-298 kHz. Before the tests,
the space distribution of ultrasound intensity in the filled
bath was analyzed. The heart was located in the area of
maximum ultrasound intensity. The mean US intensity
was ~0.3 W/cm?. Theoretical estimation showed that
such US produced no significant thermal effects.

The experiments were carried out with the hearts
subdivided into two groups. In control group (n=5) the
hearts were perfused without US stimulation for 120-
140 min, which was equal to duration of US stimula-
tion in experimental group (n=8), where the hearts
were stimulated with US intensity of about ~0.3 W/cm?.
Since preliminary experiments revealed a pronounced
increment of the cardiotropic effect of US in the fre-
quency range of 250-298 kHz, further study of fre-
quency-dependent effects was performed with the fol-
lowing non-uniformly spaced frequencies (in kHz):
45, 100, 150, 200, 250, 260, 270, 280, 290, and 298.

Duration of US stimulation at any frequency was
5 min, and the period between stimulation was 5 min.
The sequence of stimulation frequencies was chosen
stochastically. Systolic (SIVP), diastolic (DIVP) and
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pulse (PIVP) intraventricular pressures and heart rate
(HR) were recorded in the initial state (before immer-
sion of the heart into the bath) and at minute 10 after
immersion. In addition, recordings were made on sti-
mulation minute 5 and on minute 5 of the resting per-
iod. In control group, the cardiac parameters were
recorded at the same moments of time.

The incidence and degree of rhythm abnormalities
in the control and experimental groups were assessed
according to Lambeth Conventions [9]. The following
parameters were analyzed: the number of ventricular
premature contractions (VPC), the number of bursts of
ventricular tachycardia, and the number of episodes of
ventricular fibrillation during US stimulation at a cer-
tain frequency.

The results were analyzed statistically using Sta-
tistica software and Student’s and Wilcoxon’s tests.

RESULTS

We studied the effect of US stimulation on hemo-
dynamic indices of isolated heart (HR, PIVP, DIVP,
and SIVP) and on the arrhythmogenic factors such as
the number of VPC and relative number of ventricular
tachycardia bursts.

No significant difference in HR was observed be-
tween the control and experimental groups (252+27
and 248+18 bpm, respectively).

The experimental data were obtained by statistical
analysis of the measured parameters corresponding to
various randomly applied US frequencies. Therefore,
they reflect the mean frequency-dependent changes of
pressure values, which can be affected by the total
time-dependent accumulation of US radiation during
the experiment.

A significant decrease of PIVP (in comparison
with the initial value) was observed only after stimula-
tion with 298-kHz US (86+9 vs. 108+7 mm Hg,
p<0.05). US stimulation at various frequencies pro-
duced no significant unidirectional changes in PIVP
(Fig. 1). In control group, persistent drop in PIVP was
observed during perfusion on minutes 120-140, which
resulted from the decrease of SIVP from 106+12 to
88+7 mm Hg and from increase in DIVP. In our ex-
periments this impairment of the systolic and diastolic
myocardial functions typical of ex vivo preparations
was on average 8.3% per hour for PIVP. In the test
group, we observed an increase in DIVP (Fig. 1),
while SIVP remained stable (114+13 at the start and
112+15 mm Hg at the end of the experiment). There-
fore, the drop of PIVP at high frequencies was com-
parable with the control values.

US stimulation at any frequency significantly in-
creased the number of VPC in comparison with initial
number of VPC in the experimental group and with
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Fig. 1. Effect of ultrasound stimulation on isolated heart. Light and
solid bars represent pulse intraventricular pressure (PIVP) and
diastolic intraventricular pressure (DIVP), respectively. Solid and
dashed lines correspond to DIVP and PIVP before US stimulation.
*p<0.05 and *p<0.05 compared to initial PIVP and DIVP values,
respectively.

the number of VPC in the control group recorded du-
ring the same period (Fig. 2).

Initially, the number of VPC in the control and
experimental groups did not surpass 1 per minute
(0.60+0.08 and 0.70+0.10, respectively). In control
group, the number of VPC did not increase during the
entire period of observation. However, US stimulation
at various frequencies increased the number of VPC
to different degree. There were two maxima in VPC
number: the first appeared at 150 kHz and the second
and more pronounced increase at 270-298 kHz. The
number of VPC recorded during US stimulation at
298 kHz was 22.2+3.6 per minute. Between stimu-
lations the number of VPC decreased (in some cases
returned to the initial level). However, during resting
period after US stimulation at some frequencies (260,
280, or 290 kHz) the number of VPC far surpassed the
initial value.

In some cases, short-term episodes of ventricular
tachycardia were observed during US stimulation. By
contrast, no cases of ventricular tachycardia took place
in the control group throughout the experiment. Ana-
lysis of the incidence of ventricular tachycardia pro-
voked by US stimulation at various frequencies re-
vealed a distribution similar to the distribution of VPC
number over US frequencies (Fig. 2): in 20% cases
bursts of ventricular tachycardia appeared at 100, 150,
200, and 280 kHz, in 40% cases at 290 kHz, and in
85% cases at 298 kHz. No cases of ventricular fib-
rillation provoked by US were observed.

These data indicate two most important effects of
low-intensity US stimulation on isolated heart. On the
one hand, US stimulation at various frequencies pro-
duces a more pronounced increase in DIVP than in the
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Fig. 2. Effect of ultrasound stimulation on ventricular premature
contractions (VPC) and bursts of ventricular tachycardia (VT). Light
and solid bars mark the number of VPC on the first minute of
stimulation and on the first minute after it, respectively. Dashed bars
show the relative number of VT bursts in percentage. Solid line
(abscissa) shows the relative number of VT bursts in the control
group (not subjected to US stimulation). Dashed line corresponds
to the number of VPC without US stimulation.

control group. It is noteworthy that diastolic cardiac
function is most sensitive to concentration of sarco-
plasmic Ca** [7]. Logically, predominant disturbance
of diastolic myocardial function observed in our study
could relate to US-induced increase of Ca®* influx via
the ionic channels and probably via newly formed pores
[8]. In addition, it can result from abnormalities in the
mechanisms responsible for the decrease in intracel-
lular calcium concentration during diastole.

On the other hand, US stimulation revealed a fre-
quency-dependent arrhythmogenic effect manifested
by increased incidence of VPC. When analyzing the
effects of US stimulation in biologic targets, particular
attention is given to the resonance phenomena [3]. In
some cases, drawing the stimulation frequency to the
natural frequency of a morphological element of the
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heart (cardiomyocytes, myocardial layer, valve, atrio-
ventricular node, efc.) potentiated the observed effect.
Similar phenomenon probably took place in our study.

Thus, the reported data demonstrate various fea-
tures of moderate damaging action of low-intensity
US stimulation on isolated heart, and this action de-
pends on stimulation frequency. At present, the sub-
lethal damage to the myocardium is considered as a
stimulus inducing strong adaptive response, which
improves heart resistance to subsequent sustained and
severe damage (phenomenon of myocardium protec-
tion) [2]. The reported experiments demonstrated a
dependence of basic functional indices of the isolated
heart on the parameters of applied US. Further studies
should compare the present results with the data re-
flecting “pure” action of US on the heart under phy-
siological conditions. The present data are important
for subsequent studies of US effects in pathologically
altered myocardium.

The study was supported by the Russian Founda-
tion for Basic Research (grant No. 01-02-16655).
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