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Abstract: Pulsed ultrasound can produce chronotropic and inotropic effects on the heart with potential therapeutic applica-
tions. Fourteen 3-month-old female rats were exposed transthoracically to 3.5-MHz 2.0-MPa peak rarefactional pressure
amplitude ultrasonic pulses of increasing 5-s duration pulse repetition frequency (PRF) sequences. An increase in the heart
rate was observed following each PRF sequence: an ~50% increase after the 4-5-6 Hz sequence, an ~57% increase after the 5-
6-7 Hz sequence, and an ~48% increase after the 6-7-8 Hz sequence. Other cardiac parameters showed a normal or indicated
a compensatory decrease at 3 and 15 min post-ultrasound compared to control.
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1. Introduction

More than half a century has passed since the implantation of the first pacemaker in 1958." Since then, therapeutic cardiac
stimulation has been in clinical practice. Pacemaker implantation has become the routine treatment for symptomatic bra-
dycardia, and advances in technology have also led to the development of devices to terminate life-threatening ventricular
tachyarrhythmias and restore synchronous ventricular function in patients with heart failure. Each year, more than 1 x 10°
pacemakers are implanted worldwide, of which about 200000 are implanted in the United States alone.”’ Despite the
unquestionable benefits of pacemakers, potential complications and technical failures should be considered. Short-term
complications (e.g., pneumothorax, cardiac perforation, lead dislodgement, and pocket infection or hematoma) have been
reported to be as high as 12% in a nationwide Danish cohort.* Worldwide, long-term complications are related primarily
to the pacing lead and subcutaneous pocket and include pocket infection, tricuspid regurgitation, venous obstruction, lead
fractures, and insulation failure with mortality rates of 12%-31%.” ~ These data indicate that the electrode is the weakest
link in the pacemaker system, most often leading to complications. An answer to this obstacle may be the replacement of
traditional electrode-based pacemakers with ultrasound (US)-derived pacing systems.

In 1929, E. Newton Harvey showed the possibility for US to effect cardiac pacing. Harvey applied ~340-kHz US
to reptile and amphibian hearts and observed cardiac vibration but no pacing. More than 60 years after this discovery,
studies on frogs demonstrated modification of heart rate (HR) and aortic pressure from US pulses, indicating the feasibility
of pulsed US in cardiac stimulation.”” In 2017, a study published by Coiado and O’Brien'’ demonstrated in rat hearts the
negative chronotropic effect as well as identifying marked arrhythmias. Additionally, negative chronotropic pacing may
serve as a supplement or alternative therapy for cardiac arrhythmias. Considering the peculiar effectiveness of pulsed US
in female rats and the increased incidence of atrial fibrillation in women, pulsed US could play a pivotal role in the future
treatment of cardiac arrhythmias.

Previous studies’ have shown that pulsed US results in a significant decrease in HR, fractional shortening, and
cardiac output (CO) for young female rats as well as a significant decrease in HR for a group of male rats. The gender dif-
ferences could be due to an interplay between various sex hormones or structural differences such as heart size and peri-
cardial insulation. Another studyI1 showed that increased duty factor (DF) values (0.25%, 0.5%, and 1%) during US
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application affected cardiac pacing (decreased the HR) and that US could potentially be used in cardiology as an alterna-
tive of leadless pacing of the heart.

The goal herein is to investigate the feasibility of well-controlled unfocused pulsed US to yield cardiac pacing using
specific US exposure parameters [e.g., peak rarefaction pressure amplitude (PRPA), frequency, pulse repetition frequency (PREF),
pulse duration (PD)]. This US therapy could potentially be used to treat cardiac abnormalities such as arrhythmias, bradycardia,
tachycardia, or atrial fibrillation in older patients who can have surgery or implantable pacemakers.

2. Materials and methods
2.1 Animals, preparation, and measurement systems

The following experimental conditions were approved by the University of Illinois Institutional Animal Care and Use
Committee (Protocol #10104). Fourteen F344 female rats (about 3 months old, weighing 150-200 g) were evenly allotted to
one of four groups (Table 1). For ideal comparison, the control rats underwent the same anesthesia, preparation, measure-
ment, and US techniques as the experimental rats; the sole difference was that in the control rats, the US equipment was
turned off, while the US transducer was transthoracically pressed on the rats’ chest.

The anesthesia, preparation, and measurement techniques were the same as those of our previous studies
(exception: arterial pressure was not recorded). In both experimental and control protocols, rats were anesthetized with
isoflurane. The thoracic area of the rats was shaved and depilated to maximize transthoracic US transmission; ample gel
was used for acoustic coupling. The rats were positioned in a dorsal recumbency position on a temperature-controlled
platform and attached to a four-lead electrocardiogram (EKG) of the small animal Vevo 2100 high-frequency
(13-24 MHz) US imaging system (VisualSonics, Toronto, ON, Canada). The Vevo 2100 system was used to monitor car-
diac parameters (not for the application of experimental US) via echocardiograms by a registered diagnostic medical
sonographer (RDMS). Additionally, the rectal temperatures of all rats were continuously monitored. Then, approximately
18 min after US exposure ceased, the rats were euthanized with 5min of carbon dioxide inhalation, and the lungs and
hearts were removed, fixed, and processed for evaluation by a board-certified pathologist. No signs of lungs or heart tissue
damage were observed after the pathology evaluation.

10,12,13

2.2 US application

A commercial US transducer was used, with a 19-mm-diameter aperture and a 3.5-MHz center frequency (Valpey Fisher,
Valpey Corp., Hopkinton, MA). The transducer was driven by a function generator (33250A, Agilent Technologies Inc.,
Santa Clara, CA) and a radio frequency (RF) power amplifier (A150, Electronic Navigation Industries, Rochester, NY;
0.3-35MHz; 55dB). The US transducer was calibrated in a tank of distilled, degassed 22°C water using a National
Physical Laboratory (NPL)-calibrated polyvinylidene fluoride (PVDF) membrane hydrophone (Y-34-3598 EW295, GEC
Marconi, Chelmsford, UK) with a 0.5-mm-diameter active element. During calibration, the transducer was fixed in place
while a micropositioning system (2-um translational accuracy) moved the PVDF hydrophone in a direction perpendicular
to the beam axis and at a 1-cm distance from the transducer surface (in the near field)."* All the aforementioned equip-
ment and steps are identical to our prior experiments and between all the rats and groups in this study.'*'>"’

The US transducer was placed externally in the chest of the animal, and prior to the exposure, the cardiac apex
was marked using the Vevo2010 US imaging system. The in situ (in/at the heart) exposure parameters are estimated from
a relatively complete experimental study to chest wall attenuation and thickness for the Sprague-Dawley rats for which the
attenuation at 3.5 MHz was approximately 1.2dB/cm MHz and the thickness was approximately 3.6 mm (Ref. 15). Thus,
the in situ ultrasonic pressure is 0.84 x 2.0 MPa=1.7 MPa, and the in situ ultrasonic spatial peak temporal peak intensity
is 0.70 x 270 W/em® = 190 W/cm”.

The US protocol consisted of three consecutive 5-s intervals (15-s continuous pulsed exposure) with each of the three
intervals differing only in its 5-s PRF groups (Fig. 1). For each experimental group, the PRFs were as follows: 4, 5, and 6 Hz
(denoted “group 4-5-67); 5, 6, and 7Hz (denoted “group 5-6-77); and 6, 7, and 8 Hz (denoted “group 6-7-8”). The US bursts
had a 2.0-MPa peak rarefactional pressure amplitude, 2-ms PD, and DF range between 0.8% and 1.6%, which is equivalent to a
mechanical index of 1.1 and in vitro spatial peak temporal peak intensities of ~270 W/cm® The PRF sequence started slightly
below or above the HR of the rat (for rats, the HR is 300-350 beats/min or 5Hz), and increasing by 1-Hz steps, this sequence
was designed to achieve cardiac pacing while minimizing heat (total of 15-s US exposure).

Table 1. Assignment of the rats to different groups. All 14 rats were female, about 3—-4 months in age, 150-200 g in weight, and of strain F344.

Experimental Control
Group with 4-5-6 Hz N=4 N=4
Group with 5-6-7 Hz N=3
Group with 6-7-8 Hz N=3
Total N=10 N=4
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Fig. 1. Schematic of the group 4-5-6 experiment as an example. All individual pulses had a PD of 2 ms, a PRPA of 2.0 MPa, and a variable DF
(0.8%-1.6%) that depends on PRF.

2.3 Statistical analyses

For each rat, the physiological parameters, HR, CO, etc., were recorded at baseline and at 3 and 15 min after the US expo-
sure (or mock-US exposure for the control group), collectively called the post-US exposure time points. Additionally, HR
was also measured at several time points during the PRF sequence. The notation of variables followed by time (i.e., HR3,
SV0, EF15) was used to represent values at a time point [i.e,, HR at 3 min post-US, stroke volume (SV) at baseline, ejec-
tion fraction (EF) at 15 min post-US]. All these data points were divided by the corresponding baseline (pre-US exposure,
or pre-mock-US exposure in the control group; considered time =0 min) value to obtain a relative change for each rat.

Using the relative change values, one-way ANOVA tests were used to compare the three experimental groups
and the control group (that is, the factor is US protocol and has four levels) for a certain physiological parameter and
time point. For example, an analysis of variance (ANOVA) test of HR15/HRO was done to compare control, 4-5-6 Hz US,
5-6-7Hz US, and 6-7-8 Hz US. Additionally, if a statistical difference (p < 0.05) was noted, then a Tukey honestly signifi-
cant differences (HSD) test was done to perform multiple pairwise-comparison between the means of the groups and
determine which specific group comparisons were significant. Statistical analyses and figures were generated in the software
R (version 3.6.1, “Action of the Toes,” R Foundation for Statistical Computing, Vienna, Austria). Results were expressed as
mean * standard error of the mean (SEM).

3. Results and discussion

Prior studies have shown that pulsed US can cause a significant decrease in HR in young female and male rats, using a
decreasing PRF sequence.'”'” The main goal herein was to investigate the feasibility of well-controlled unfocused US
pulses to yield cardiac pacing based on careful analysis of the increasing PRF and US exposure parameters. Another goal
was to determine an US protocol that would yield a positive chronotropic effect in rats while maintaining hemodynamic
stability. Finding such a protocol would allow for the identification of a threshold (or thresholds) for cardiac pacing, to
“control” the heart via increasing or decreasing the HR. The HR data before, during, and after the US application are pre-
sented for each group in Fig. 2 (relative to baseline as a bar chart).

The other physiological parameters of the rats at baseline and at 3 and 15 min after US exposure are listed for
each of the groups in Table 2.

The corresponding magnitudes of change are plotted for the most relevant parameters in Fig. 3 (HR and CO)
and Fig. 4 (ESV and EDV). Histological examination of the hearts and lungs of all animals exposed to US did not show
lesions after the procedure.

Figure 2 shows that the HR increased in all groups as pulsed US exposure was applied and decreased after the
exposure was terminated. ANOVA tests showed significant differences at each of three pulse time points as well as

oo
o
o

D
o
o

Mean + SE of Heart Rate (bpm)

I
I
I
I
I
I
i
1 I
I I
I I
1 I
I I
I I
| I
Omin ECG 1stHz 2ndHz 3rdHz Stop 3min  15min

Various Times in Protocol (Not Linear)

Fig. 2. HR at various points before, during, or after US application (points are not linearly spaced). An increase in HR was observed during
each increased PRF sequence (1st, 2nd, and 3rd PRF). ANOVA showed p < 0.05 at these times.
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Table 2. Measured physiological parameters at baseline and at 3 and 15 min after US exposure (US and control).

Control group (N=4) Group with 4-5-6 (N=4)
Parameter (units) Baseline 3 min 15 min Baseline 3 min 15 min
HR (bpm) 24820 = 19.10 221.80 = 22.07 212.00 = 20.04 286.30 = 1.96  260.30 = 4.72  230.00 * 5.66
CO (ml/min) 28.51 = 4.39 27.73 =345 25.34 = 3.37 35.27 = 3.54 27.11 = 2.64 25.31 £ 3.28
Systolic/stroke volume (ul) 116.00 = 13.25 114.50 £ 10.09 118.50 = 10.56 123.10 = 12.25 104.10 = 9.75 109.40 = 12.75
Ejection fraction (%) 79.74 = 3.30 82.30 = 2.11 82.58 = 0.33 80.82 = 2.44 77.64 + 1.25 76.36 = 2.61
EDV" (ul) 140.70 £ 17.14 151.00 % 5.76 143.20 £ 13.59 153.80 = 18.58 134.80 = 14.61 143.70 £ 16.79
ESV® () 27.26 = 4.38 26.98 = 3.80 25.14 = 2.77 30.73 = 6.74 30.69 = 4.88 34.31 £ 6.26
Respiratory rate (breaths/min) ~ 51.75 & 4.80 49.25 * 5.50 44.75 * 5.25 55.00 * 4.08 31.00 * 0.82 30.00 = 0.00
Rectal temperature (K) 308.60 * 0.27 307.30 = 0.10 305.90 + 0.33 8.90 £ 0.28 307.00 = 0.22 306.30 * 0.24
Fractional shortening (%) 49.54 * 3.50 52.03 = 2.33 51.84 = 0.27 50.29 = 2.45 46.67 £ 1.07 45.70 * 2.37
Group with 5-6-7 Hz (N=3) Group with 6-7-8 Hz (N=3)

Parameter (units) Baseline 3 min 15 min Baseline 3 min 15 min
Heart rate (bpm) 334.70 * 4.39 270.30 £ 1991 272.70 = 7.08 334.70 £ 14.56 258.00 = 20.24 284.70 *= 9.61
CO (ml/min) 42.78 * 0.81 27.02 =522 31.08 = 0.61 39.38 += 2.26 24.54 = 397 36.96 = 3.25
Systolic/stroke volume (yl) 127.90 £ 3.58 96.63 = 16.44 114.50 = 3.83 117.30 £ 1.77 91.92 = 8.21 128.70 £ 6.97
Ejection fraction (%) 83.66 = 1.72 77.22 = 5.07 86.59 *+ 247 87.23 = 1.08 75.19 = 5.39 89.46 = 0.32
EDV (ul) 153.50 = 7.43 121.60 = 15.93 133.20 = 7.36 134.70 = 3.63 121.90 = 5.05 144.10 £ 8.11
ESV (ul) 25.71 = 3.95 2498 = 3.33 18.69 = 3.93 17.39 *= 1.86 29.96 * 6.69 1524 = 1.13
Respiratory rate (breaths/min) 55.67 = 3.06 48.67 £ 3.29 39.00 = 2.90 48.67 * 3.75 3533 = 5.18 38.67 = 4.97
Rectal temperature (K) 309.60 * 0.15 307.70 £ 0.24 306.50 = 0.07 309.20 £ 0.13 307.90 = 0.15 306.70 = 0.13
Fractional shortening (%) 53.47 = 1.92 4748 £ 4.74 57.61 = 3.54 57.61 = 1.47 46.28 = 5.86 60.64 = 0.43

*End-diastolic volume (EDV).
bEnd—systolic volume (ESV).

immediately after the US was stopped. Tukey’s HSD test showed that all of the PRF sequences were statistically differ-
ent from control, although none of the differences among the PRF sequences reached statistical significance until the
end of the US sequence (at the US stop, 5-6-7 Hz was different from 6-7-8 Hz by p < 0.01). In contrast, ANOVA
results at 3 and 15 min post-US were generally not significant among any of the experimental or control groups.
However, the variables still exhibited trends consistent with prior studies'’ that used a decreasing-then-increasing PRF
US protocol.

The significance of investigating the biological effects triggered by US pulses arises from the fact that they can
potentially serve various therapeutic approaches. The impact is determined by the existence of US variable interactions,
which must be assessed empirically.'>'” Ultrasonic in vivo heart studies of frogs,”” pigs,'” guinea pigs,"* mice,'*'” and
dogs®” have shown that different PRPAs, frequencies, and PDs can cause premature cardiac contractions, inotropic, lusi-
tropic, or chronotropic effects.

Rat normal HR is roughly 300-350 bpm (~5-6 Hz). In our studies, we observed a consistent increase in the rat
HR with the PRF sequence that was slightly above the HR of the rat (5-6-7 Hz and 6-7-8 Hz groups). This PRF-dependent
HR suggests the positive chronotropic threshold should be observed when the PRF sequence started slightly greater than
the animal’s HR (for rats 5Hz). Our results suggest that 6-7-8 Hz seems to provide the best outcome in increasing HR,
indicating that potentially we would be able to trigger the heart for pacing, starting greater than the HR that could allow
for control and maybe training the heart. Another study’' showed that 3.33Hz PRF (heart rat varying from 40 to 90
beats/min) caused an increase in beat frequency of 25% in isolated neonatal rat ventricular cardiomyocytes. Marquet
et al.”> showed that high intensity focused ultrasound (HIFU) can be used to perform remote pacing using reversibility of
electromechanical coupling of cardiomyocytes. Cardiac pacing was also observed in in vivo rat experiments using HIFU,”
suggesting that US can be used as temporary, non-invasive, painless, and reliable therapy.

Future research has multiple avenues that can be productively explored including US variable optimization,
understanding the underlying US-induced pacing physiologically and with translational studies and moving toward
humans. Given the effect US has on damping HR parameter, the technology shows promise for future use as an alternative
or adjunct therapy for cardiac arrhythmias and other pacing heart abnormalities. One study'”’ has shown that transthoracic
cardiac US stimulation at an approximately 1% DF triggered a negative chronotropic response in rat hearts without
impairing the hemodynamic system. Another report indicated that 0.5% DF and 1.0% DF sequences affected cardiac pac-
ing. Both sequences revealed a significant negative chronotropic effect relative to baseline."' Another study™* showed that
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Fig. 3. HR and CO, relative to pre-US baseline, at the post-US times of 3 min [(a) and (b)] and 15 min [(c) and (d)].

shock waves of 64 MPa induced arrhythmia in piglet hearts; we eliminated the cavitation effect in our studies using a
much lower PRPA (2 MPa).

Another area of significant work is understanding the US mechanism of altering inotropy. It is important to
note that after pulsed US exposure was terminated, we still observed a significant decrease in HR. A similar phenomenon
was noted in vivo by Dalecki et al. where high intensity US pulses modified the HR; however, the rhythm of the heart and
aortic pressure returned to normal shortly after exposure discontinued.”” Whatever the true interaction mechanism, it
needs to be reversible with no lasting tissue damage.

The inotropic changes could be related to the direct but temporary effect of the pulsed US on the calcium chan-
nels. Studies indicated that US exposure might expedite calcium release or accumulation in the cardiac tissue. Reports sug-
gest that US utilization can decrease the threshold for cardiac electrical excitation and yield a positive inotropic effect by aug-
menting the influx of calcium into cardiac cells.'*”®*” Recently, another ion channel activity modification by US has been
proposed.”””” Researchers found that focused US modulates K currents of two-pore-domain potassium family channels
(K2P) and Na™ currents of Na'-selective voltage-activated ion channel (NaV1.5).”” Both channels K2P and NaV1.5 are
expressed in neurons, cardiomyocytes, and other cells.”* Moreover, this discovery importantly suggests a potential explana-
tion for the contradictory findings that US may promote both inhibitory’** and excitatory””*> effects. For example, if cells
express primarily Na™ or Ca*™ ion channels, US application may lead to cellular activation. On the other hand, US expo-
sure may result in inhibition in cells that express mostly K™ US-receptive ion channels. Furthermore, in cells that show a
fine balance of excitatory and inhibitory ion channels, pulsed US effects may be neutralized. Other studies have proposed
mechanisms such as localized cavitation, baroreceptor sensitivity changes, and parasympathetic influence.”

At an anatomical level, EKG showed areas of depolarization outside of sinus rhythm during the experiment
when pulsed US was applied. This pattern was seen throughout the rats in all groups except the control groups. This signi-
fies that pulsed US did not cause the sinoatrial (SA) node to intrinsically speed up but caused depolarizations outside of
the normal conduction system. One hypothesis would be that the US-induced mechanical pressure waves caused ion chan-
nel flux changes resulting in immediate ventricular contraction. Even with these extra beats, cardiologic functional
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Fig. 4. ESV and EDV, relative to pre-US baseline, at the post-US times of 3 min [(a) and (b)] and 15 min [(c) and (d)].

parameters and hemodynamic stability were maintained. The control rats remained in sinus rhythm throughout the exper-
iment as the US was off. In any medical US pacing technique, it would be vital to maintain a controlled rhythm to avoid
deadly tachyarrhythmias that can arise with rapid ventricular depolarization outside of sinus rhythm.””

This experiment did not maintain sinus rhythm, but this does not mean it is impossible. The normal conduction
travels from the SA node to the atrium, AV node, and ventricles. Given the relatively large footprint of the transducer to
rat heart, it is unlikely the waves were focused specifically on the SA node to initiate the heartbeat. If the true mechanism
involves the changing of ion channel flux, it is likely this experiment occurred throughout the heart and was not localized
to one region. This experiment likely caused immediate ventricular contractions. A future study in an animal with a larger
heart could be used to explore the conduction system further by focusing the pulsed US on specific heart regions.
Specifically, one could focus on pacing the SA node alone in the diastole period to attempt to generate a P-wave and
maintain sinus rhythm. Additionally, aiming at different regions of the heart can help localize areas of specific ion chan-
nels and narrow down the cause of changing inotropy. The physiological variables of CO, EDV, ESV, and EF should also
be recorded during this future experiment. Overall, studying localized regions in a larger heart will be essential for transla-
tion to human application.
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