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Abstract— This study investigates the role of age and sex
on the cardiovascular effects of 3.5-MHz pulsed ultrasound
(US) in a rat model. Ultrasonic bursts of 2.0-MPa peak
rarefactional pressure amplitude (equivalent to an in vitro
spatial-peak temporal-peak intensity of ~270 W/cm? and a
mechanical index of 1.1) were delivered in five consecutive
10-s intervals, one interval for each pulse repetition fre-
quency (PRF) (6, 5, 4, 5, and 6 Hz; always the same order) for
a total exposure duration of 50 consecutive seconds. Sixty
F344 rats were split into 12 groups in a 3 x 2 x 2 factorial
design (three ages, male versus female, and US application
versus control). This study is the first study on US-induced
cardiac effects that contains data across three age groups of
rats (premenopause, fertile, and postmenopause) to mimic
the fertile and nonfertile human window. US was applied
transthoracically, while heart rate, stroke volume, ejection
fraction, temperature, and other physiologic parameters
were recorded at baseline and after exposure. Significant
decreases in cardiac output compared to respective control
groups were observed in multiple experimental groups,
spanning both females and males. A negative chronotropic
effect was observed in young male (~7%) and female (~16%)
rats, in five-month-old male (~9%) and female (~15%) rats,
and in old rats where the effect was not statistically signif-
icant. Younger groups and, to a lesser extent, lower weight
groups generally had more significant effects. The patho-
physiology of US-induced cardiovascular effects appears
to be multifactorial and not strictly related to hormones,
menopause, weight, sex, or age, individually.
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|. INTRODUCTION

HE goal of this article is to evaluate the feasibility of

using pulsed ultrasound (US) as a therapeutic and nonin-
vasive treatment for cardiovascular disease (CVD). In addition,
this study aims to explain the role of this new US therapy
in hormonal differences, evaluating premenopausal and post-
menopausal female rats and male rats of different ages. The
motivation of this study and long-term goal is to potentially
use this alternative therapy as a substitute for pacemakers
and eliminate complications caused by the electrodes, broken
leads, infections, and so on.

CVD is the leading cause of death worldwide, being respon-
sible for an estimated 31% of deaths globally [1]. CVD
manifests itself as an increase in blood pressure, which can
injure the heart and affect its function. The increased blood
pressure can be due to varying causes, such as atheroscle-
rosis of arteries, vasculitis, underlying biochemical changes,
or deficiencies in the heart itself [2].

Blood pressure is higher in men than in women, and women
experience a delay in the onset of CVD in comparison to men
and believed to be due to an interplay between levels of both
androgens and estrogens [3]-[6]. Androgens are hypothesized
to increase blood pressure in different ways from contributing
to vasoconstriction [7], upregulating the renin—angiotensin
system (RAS), inducing oxidative stress, retaining more Na-+,
and decreasing nitric oxide levels [3]. Estrogens on the other
hand are hypothesized to have a protective effect against
atherosclerosis and CVD [8]. Estrogens, such as 17-estradiol,
have been shown to stimulate nitric oxide synthase medi-
ating smooth muscle relaxation in blood vessels [8]. The
17 B-estradiol-mediated vasodilation has also been shown to
mediate decreases in core temperature [9].

Clinical studies have shown that women who undergo
hysterectomies have a higher prevalence and incidence of both
CVD and increased blood pressure that equals or surpasses
age-matched men [3]. This is indicative of the protective role
that ovarian hormones play against CVD [10].

There are also gender differences in complications of
CVD, such as arrhythmias [11], [12]. Cardiac arrhythmias are
abnormal contractions in the heart due to dysfunction in the
heart’s electrical activity [13]. Clinical studies on arrhythmias
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have shown that women experience a greater prevalence of
sick sinus syndrome and atrial fibrillation with bradycardia,
while men exhibited higher rates of atrioventricular (AV)
node block [14]. Gender differences persist when comparing
outcomes of arrhythmias treated with cardiac pacemakers [14].
While there were fewer favorable outcomes for women (more
implantation complications, especially pocket hematoma and
pneumothorax), women had a significantly longer survival
time than men after pacemaker implantation. This is true
despite women having a markedly higher age at implantation.

In addition, male sex was a predictor of increased mortality
in a long-term follow-up study [14]. Pacemakers were devel-
oped over 50 years ago and have been successful in treating
many types of arrhythmias. Worldwide annually around 1 mil-
lion people are implanted with pacemakers [15]. In short-term
follow-up, there are 12% complications, and another 3.5% will
be noted in long-term follow-up [16]. Complications that may
occur during surgery include allergic reactions, infections, ves-
sel damage, and heart tissue punctures [17]. The weakest link
in the pacemaker system, most often leading to complications,
is the lead. In contrast to traditional pacemakers, ultrasonic
pacing could serve as a completely extracorporeal device,
potentially a wearable pacemaker [18], [19]. Furthermore, seri-
ous complications, including vascular rupture, infection, and
need for extraction, could be avoided or at least dramatically
reduced. Cardiac pacing using pulsed US is clinically justified
and can be utilized as an alternative and truly noninvasive heart
rate (HR) modulator.

In 1929, Harvey [20] indicated the opportunity of US in
cardiac pacing. Harvey’s experiments revealed that after using
340-kHz US, reptile and amphibian hearts began to vibrate.
Decades after this discovery, studies on frogs showed changes
in HR and aortic pressure as a result of US pulses, suggesting
the feasibility of US in cardiac stimulation [21], [22]. In 2017,
Coiado and O’Brien, Jr., [25] extensively evaluated in rat
hearts the negative chronotropic effect (i.e., the decrease of
HR via transthoracic US) as well as identifying marked
arrhythmias. Over the past 88 years, this study is the only
attempt to translate this technology to humans.

Since elevated HR and consequentially blood pressure
increases risk for CVD, negative chronotropic pacing could
theoretically decrease risk of CVD. However, in the absence
of heart failure or coronary artery disease (CAD), treating
hypertensive patients with heart-rate-lowering medications has
not been shown to reduce adverse events when compared
to control [23]. Negative chronotropic pacing also shows
promise as an adjunct or alternative therapy for cardiac
arrhythmias [24]. Due to the particular effectiveness of pulsed
US in female rats and the increased rate of atrial fibrillation
in women, pulsed US could play a vital role in the future
treatment of cardiac arrhythmias [25].

Il. MATERIALS AND METHODS
A. Animals, Preparation and Measurements Systems
The experimental protocol for this study was approved
by the University of Illinois Institutional Animal Care and
Use Committee (Protocol #10104). A total of 60 F344 rats
(Harlan, Indianapolis, IN) were evenly divided into 12 groups

Fig. 1. B-mode (top) and M-mode (bottom) images of a rat heart (three-
month-old female rats) 15 min after US exposure.

of five rats in a 3 x 2 x 2 factorial design: 1) age
(three-month versus five-month versus 24-month); 2) male ver-
sus female; and 3) US-on (exposure) versus US-off (control).
The rat weights were 150-200 g (three-month female), 170—
200 g (five-month female), 250-300 g (24-month female),
300-350 g (three-month male), 350-410 g (five-month male),
and 400-500 g (24-month male). The three- and five-month
rats are at fertile (but post-pubescent) age and the 24-
month-old female rats are after reproductive senescence
(“menopause”) [26]. Preliminary data on the 3- and 24-month
rats were included in a prior study [25].

The anesthesia, preparation, and measurement techniques
paralleled our previous studies [24], [25], [27]. All rats (includ-
ing control) were anesthetized with 5% isoflurane for the
initial induction of anesthesia and then received 1.5%-2%
isoflurane for maintenance, with monitoring anesthesia levels
via pedal reflex. Notably, while isoflurane does not impact
cardiac contractility, it can act as a respiratory depressant
and thereby affect cardiac parameters [28], [29]. However,
like the experimental rats, the control rats were exposed to
the anesthesia and all other steps of the protocol, except
for US application, so any anesthesia-induced effects would
appear in both groups. In addition, the time to experiment
was minimized (~2 h for each animal, time from applying the
anesthesia to completion of experiments).

To maximize transthoracic acoustic transmission, the tho-
racic area of the rats was shaved and depilated and gel
was used for acoustic coupling. Animals were placed on
a temperature-controlled platform in a dorsal recumbency
position for US cardiac exposure. The rats’ limbs were secured
to the four-lead electrocardiogram (EKG) pads on the ani-
mal platform, a capability connected to the small animal
Vevo 2100 high-frequency (13-24 MHz) US imaging system
(VisualSonics, Toronto, ON, Canada) so that the physiological
data of the rats could be monitored in real time and could
be recorded. The Vevo 2100 was used to monitor the heart
via B-mode and M-mode (Fig. 1) displays by a registered
diagnostic medical sonographer (RDMS).

Cardiac parameters [i.e., ejection fraction (EF) and stroke
volume (SV)] were calculated by the ventricular trace tool of
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the Vevo 2100 workstation, which can trace the position of
the inner and outer ventricular walls on a long-axis M-mode
tracing of the left ventricle. The left ventricular internal
diameter during systole and diastole was used to calculate
the end-systolic volume (ESV) and the end-diastolic volume
(EDV), respectively, by the Teichholz method. Subsequently,
ESV and EDV were used to calculate the SV and EF [24].

For the continuous measure of arterial pressure, the left
femoral artery was cannulated and connected to a control
unit (Samba 201, Samba Sensors, Gothenburg, Sweden) and a
pressure transducer, low-pressure range (—50 to +350 mbar)
(Samba Preclin 4201P, Samba Sensors, Gothenburg, Sweden).
Arterial pressure is useful for the detection of potential
changes that might cause reflex responses related to the heart.
In addition, the rectal temperatures (RTs) of all rats were
continuously monitored. Temperature also has utility as a sur-
rogate for hormonal change [9], [30]. Intrathoracic temperature
measurement was avoided due to invasiveness. Approximately
18 min after US exposure ceased, the rats were euthanized
(5 min of CO, inhalation) for the histological evaluation of
the lung and heart by a board-certified pathologist.

B. Ultrasound Application

An  ultrasonic  transducer with an  unfocused
19-mm-diameter aperture and a center of frequency
of 3.5 MHz was used in this experiment (Valpey Fisher,
Valpey Corporation, Hopkinton, MA, USA). From previous
studies [24], [25], we concluded that the ultrasonic frequency
threshold for a bioeffect varies from 67 kHz up to 3.5 MHz.
Calibration of the transducer was performed in a tank of
distilled, degassed 22 °C water. The calibrated hydrophone
was a polyvinylidene fluoride (PVDF) membrane hydrophone
(Y-34-3598 EW295, GEC Marconi, Chelmsford, U.K.) with
an active element that was 0.5 mm in diameter. The transducer
was fixed in place, while the hydrophone was moved by a
micropositioning system (2-um translational accuracy) in a
direction perpendicular to the beam axis at a distance of 1 cm
from the transducer surface (in the near field) [31].

The ultrasonic transducer was driven by a radio fre-
quency (RF) power amplifier (A150, Electronic Navigation
Industries, Rochester, NY, USA; 0.3-35 MHz; 55 dB) and a
function generator (33250A, Agilent Technologies Inc., Santa
Clara, CA, USA).

After several studies [24], [25], [27], we concluded that the
ideal US transducer center frequency can range from 67 kHz
up to 3.5 MHz (maximum), pulse repetition frequency (PRF)
can vary slightly below or above 5 Hz, the peak rarefaction
pressure amplitude (PRPA) maximum can be 2.5 MPa, and
the duty cycle is ~0.5%—-1%. The PRF sequence can start
slightly below or above the HR of the rat (for rats, the HR
is 300-350 beats/min or ~5-6 Hz) and decreasing/increasing
by 1-Hz steps; this sequence was designed to achieve cardiac
pacing while minimizing tissue heating (50-s total ultrasonic
exposure duration).

Ultrasonic bursts of 2.0-MPa peak rarefactional pressure
amplitude (Fig. 2) (equivalent to an in vitro spatial-peak
temporal-peak intensity of ~270 W/cm? and a mechanical
index of 1.1 [25]) were delivered in five consecutive 10-s

Pressure (MPa)

0 5 10 15 20 25

Time (us)

Fig. 2. Transducer pressure response at ~2 MPa.

intervals, one interval for each PRF (6, 5, 4, 5, and 6 Hz;
always the same order) for a total exposure duration of 50 con-
secutive seconds. Thus, the PRF sequence started slightly
above the natural rate HR (approximately 300-350 beats/min
or 5-6 Hz), decreasing and increasing in increments of 1 Hz.
The duty factor was approximately 1.0%, which indicates that
for a PRF sequence of 6, 5, 4, 5, and 6 Hz (167-, 200-,
250-, 200-, and 167-ms pulse repetition periods, respectively),
the pulse duration (PD) was 2 ms. From previously published
model estimates of this protocol, the steady-state in situ
temperature increase was estimated to be 0.89 °C [25]. In the
control rats, the exact same protocol was performed for animal
preparation, US application, and parameter recording, except
that the US transducer was turned off while placing the
transducer on the rats’ thoracic area.

C. Statistical Analysis

The data points collected 3 and 15 min after (collectively
called the post-US exposure time points, even for the control
groups) each rat were divided by the corresponding baseline
(pre-US exposure, at time = 0) value to yield a normalized
d change for each rat. Temperature values were converted to
kelvin to have chemical meaning when dividing temperatures.
In each of the six demographic groups (two sexes and three
ages), an unpaired Student’s ¢-test (N = 5 control and exper-
iment, each) was used to determine significance between the
experimental and control subgroups. This was done for both of
the post-US exposure time points (3- and 15-min post-US rel-
ative to baseline) and each of the major parameters including
HR, cardiac output (CO), stroke (systolic) volume, EF, EDV,
ESV, respiratory rate, and arterial pressure (total of 10 x 2
= 20 comparisons for each of the six demographics). Two-
way analysis of variance (ANOVA) for repeated measures was
performed among sex, age, and US for each of the parameters
and at 3- and 15-min post-US exposure to determine which
effects (sex, age, and/or US) were significant across the entire
dataset and if there were an interaction.
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TABLE |
MEASURED PHYSIOLOGICAL PARAMETERS AT BASELINE AND AT 3 AND 15 MIN AFTER US EXPOSURES FOR

THREE-MONTH-OLD MALE GROUPS (US AND CONTROL)

Control, 3-month-old males (N=5) Ultrasound -app lied, 3-month-old males (N=5)
Parameter (umnits) Baszeline 3 Min 1% Min Bazeline 3 Min 15 Min
Heart Rat= (BPM) 28520 £ 2729 27360+ 2863 27000= 2845 24640+ 1330 23300+ BA2 220980= 1042
Cardiac Output (ml/min) 4340 = 2686 4062 146 4470 270 4137+ 373 30351+ 285 4155+ 325
Svstolic/Btrole Valume (L) 13608 £ 969 153575+ 135355 17256=1454 168331376 1690983=1227 18082+ 11325
Ejection Fraction (3%) 8706 £ 440 B75TL 324 BEEE: 230 8238+ 245 BOS7: 204 Bl41: 150
End-Diastolic Volume (pL) 18543 + 2036 18224+ 2532 20121=2045 20033+1212 21065=1137 22171+ 1208
End-§ s=talic Veolume (UL} 2035 = 1211 2649 999 2865z 793 3580 4%  4068= 31% 4085z 341
Respiratory Rate ('min) 4120 £ 312 42580+ 303 4300% 311 3720+ 246 3340 173 3640+ 205
Arterial Pressure (mmHe) 3680 = 296 VA0 x 450 8480z 433 9320+ 131 9800= 277 9560+ 236
Rectal Tempemture (7C) 3204 £ 041 3108+ 044 3080+ 043 3184+ 019 3112+ 016 3088+ 0I5
Fractional Shortenin= (%5) 3840 = 466 B0z 432 58289z 347 5309+ 28 3031= 213 5141+ 176

Dusplawed valves are rapresentad as mean = standard error of the mean (REM). 8 ome of the presented is repanted from our prior paper (Cotade

and O'Brisn 2017T)

TABLE Il
MEASURED PHYSIOLOGICAL PARAMETERS AT BASELINE AND AT 3 AND 15 MIN AFTER US EXPOSURES FOR
THREE-MONTH-OLD FEMALE GROUPS (US AND CONTROL)

Control, 3month-old females (N=5)

Ultrazound-apphied, 3-month-old femalesz (N=5)

Parameter (uwmits) Bazeline 3 Min 15 Min Bazeline 3 Min 15 Min

Heart Fate (BFL) 31860 £ 446 31160 457 30200+ 432 306201786 2158021100 25160= 492
Cardiac Cutput (ml/ min} 3382 = 1534 364l 223 3506z 201 3061l £ 3.06 1944+ 248 2608 208
Swztol i troke Walume (uL) 10612 £ 472 11737+ B66 11399 704 10219+ 6 9407+ 604 11030+ 7386
Ejection Frachon () 8586 = 138 047+ 088 S0z 0% 8542+ 247 7003+ 377 Bl18l1x 271
End-Dhastolic ¥olume (uL) 12335 £ 395 129082+ 980 12871+ 714 11650+ 700 12668+ S03 12675+ B60
End-8 vstolic Voleme (pl) 1723 = 143 1245+ 162 1272+ 0.82 1675+ 330 3797+ 563 2315 373
F espiratory Rate (/min) 4460 = 327 M20= 333 45002 294 4140+ 231 3300+ 411 3960 131
Arterial Pressure (mmbHz) G440 = 716 GO0 926 G300z 873 420 327 62+ 326 6400 B69
Fectal Temperturs (FC) 3204 = 031 2 32elx 023 32422 022 3222+ 033 3194+ 041 3232+ 090
Fractional Shotening (Fa) 35.83 = 182 G222+ 144 6139z 126 3573+ 33 4017z 301 5140z 281

Dusplaved valwes are represented as mean £ standard error of the mean (SEM). 8 ome of the

and O'Brisn 20171

Statistical analyses and figures were generated in R (version
3.6.1, “Action of the Toes,” The R Foundation for Statistical
Computing, Vienna, Austria). Results are expressed as mean
and standard error of the mean (SEM). The significance level
was set at 0.05. The notation of variable followed by time
(i.e., HR3, SVO, and EF15) is used to represent the values at
a time point (i.e., HR at 3-min post-US, SV at baseline, and
EF at 15-min post-US).

I1l. RESULTS
The measured physiological parameters of the rats at base-
line and at 3- and 15-min post-US exposures are listed

esented is repanted from oor prior paper (Cotado

for each of the groups and are presented in Table I (three-
month-old male), Table II (three-month-old female), Table III
(five-month-old male), Table IV (five-month-old female),
Table V (24-month-old male), and Table VI (24-month-old
female). In these tables, the demographics are also listed in
order of increasing weight (from 150 to 500 g). In addition,
Table VII shows the significance levels for each parameter
from the unpaired ¢-test between the experimental and control
groups of each of the six demographics. The corresponding
magnitude of change, along with its significance level, is plot-
ted for the most relevant parameters in Fig. 3 (HR), Fig. 4
(CO), Fig. 5 (EDV), Fig. 6 (ESV), and Fig. 7 (RT). Plots
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TABLE IlI
MEASURED PHYSIOLOGICAL PARAMETERS AT BASELINE AND AT 3 AND 15 MIN AFTER US EXPOSURE
FOR FIVE-MONTH-OLD MALE GROUPS (US AND CONTROL)

Control, S-month-old males (N=5}

Ulirasound -app lied, $-month-old males (N=5)

Parameter (umits) Easzeline 3 Min 15 Min Bazeline 3 Min 15 Min

Heart Rat= (BFLI) 32000 £ 1880 316.80=1500 31980=1641 31020+1190 28080+1020 23120+ 639
Cardiac Cutput (ml/ min) 4630 = 216 68+ 227 6027z 193 3527+ 412 4653 238 4827z 2861
SwstolieBtrolce Valume (pl) 161.79 = 444 16040 346 13800 764 17730 791 16603= 780 17145= 756
Ejection Fraction (31) 8536 = 183 8602+ 214 B387x 296 g6 222 8310+ 180 8743z 176
End-Dhiastolic ¥Volume (uL) 19007 £ 727 19548+ 643 22420+ 514 233 616 2006721138 19635+ 10.09
End-8 vz tolic Volume (ul) 2828 = 430 B08x 491 3620= 634 2708+ 443 3450+ 463 2510 396
Flespiratory Fate ('min) 5120 £ 365 4961+ 459 40960 243 332+ 333 3800 £ 640 3600+ 490
Arterial Pressure (mmEz) G060 = 164 Tl40=x 833 6400= 1023 11320 = 2.58 G000+ 528 ST 457
F.zctal Temperaturs (7C) 3314 £ 016 3216+ 036 3184x 022 3284+ 031 3174= 028 3134z 031
Fractional Shortenins (F2) 3600 = 238 3836 312 5480z 334 Toez 2 3326z 217 3874z 243

Displaved valves are represented as mean = standard error of the mean (REM).

TABLE IV
MEASURED PHYSIOLOGICAL PARAMETERS AT BASELINE AND AT 3 AND 15 MIN AFTER US EXPOSURES
FOR FIVE-MONTH-OLD FEMALE GROUPS (US AND CONTROL)

Control, S~month-old females (N=5)

Ultrazound-apphied, 5-month-old females (N=5)

Parameter (umnits) Easeline 3 Min 15 Min EBazeline 3 Min 15 Min

Heart Rate (EFLI) 20380 £ 1834 265601697 26120=16352 27720+ 8958 2188B0=x 714 234602 T4l
Cardiac Output (ml/ min} 2754 = 150 008 237 3244 206 3554+ 118 2540+ 157 2884 141
Swstolie/B trolee Valume (pl) 18374 £ 338 9901+ 745 11249+ 414 12886+ 573 11558+ 633 126492 3565
Ejection Fraction (3a) 8338 = 138 B4 088 TR2Tx 247 8331+ 031 7411+ 152 8301+ 0892
End-Thastolic Volume (uL}) 12506 + 837 11881+ BB 14786 525 15452+ 606 15560 666 152445 6T5
End-5 wetolic Volume (ul) 2132 = 314 18980+ 178 3337z 426 2566+ 116 4011+ 250 2583+ 193
Flespiratory Rate ('min) 3600 = 493 3480+ 286 3560= 220 4560+ 207 43002 113 4360 182
Arterial Pressure (mmbz) 500 = 581 8600 813 B420=x 757 8340+ 364 Q0RO 363 G060 3542
Fectal Tempemturs (7C) 3108 = 058 3060z 026 3038z 024 3274z 015 3224= 022 3166z 019
Fractional Shortening (T2) 3276 = 148 3351+ 115 4583+ 237 3287+ 09 43672 146 3250 104

Displaved valves are represented as mean = standard error of the mean (REM).

for other parameters are provided in the Supplementary Mate-
rial as follows: Fig. 1 (SV), Fig. 2 (EF), Fig. 3 [fractional
shortening (FS)], Fig. 4 (respiratory rate), and Fig. 5 (arterial
pressure).

Histological evaluation of the lung and hearts did not show
any damage.

A. Baseline

There were no statistically significant differences between
sex and age for HR, CO, systolic volume, EF, EDV, ESV,
respiratory rate, and arterial pressure.

B. Heart Rate

1) Within Each Demographic: Compared to their respective
control groups, US had a significant decreasing effect on HR in
the three-month-old females (p < 0.001) and the five-month-
old females (p < 0.05) at 3-min post-US exposure, but not in
any other group or at 15-min post-US exposure (Fig. 3).

2) Across All Groups: At 3-min post-US exposure, the US
effect (decrease of the HR) was significant (p < 0.001), and
the age and sex effects were significant (p < 0.01). The
interactions between sex, age, and US were significant (p <
0.01). At 15-min post-US exposure, the US effect (decrease
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MEASURED PHYSIOLOGICAL PARAMETERS AT BASELINE AND AT 3 AND 15 MIN AFTER US EXPOSURES

TABLE V

FOR 24-MONTH-OLD MALE GROUPS (US AND CONTROL)

Contral, 24-month-old males (N=5)

Ultrazound -app bied, 24-month-old males (N=5)

Parameter (umits) Baszeline 3 Min 15 Min Bazeline 3 Min 15 Min

Heart Rat= (BFL) 23140 = 608 2M00= 611 21820 668 22080 615 21700+ 500 21040= 4095
Cardiac Cutput (ml./ min}) 345 = 313 4838z 446 4874z 401 35072 4 3210 661 3316z 423
SwatolicBtroke Volume (pL) 22230 = 682 20650+ 1582 21390+ 1105 2553.10=2042 23840=2781 25180=% 1767
Ejection Fraction (o) 441 = 130 8526+ 1353% B521+ 139 T836= 264 T342% 283 TI03zx 261
End-Diastolic Volume (uL) 263,80 £ 966 241401356 25080+11583 3B W=236 3515603331 328510= 2165
End-8 vstolic Voleme (pL) 415 = 464 Bz 279 3685 345 6990 = 10.75 7118 £1230 7567+ 10.89
R espiratory Rate (/min) 4240 = 238 40.80= 230 3B00= 247 4380 347 4320= 41% 4380z 477
Arterial Pressure (mmHz) 67.60 = 245 6= 185 6580 1.84 B3.0w= 1T 3040+ 535 B000=x 540
Fectal Tempemturs (CC) 3260 = 062 3136 089 3104= 093 3152+ 035 3114+ 028 3088+ 024
Fractional Shortenine (%) 3513 = 191 601+ 195 35680 173 4300= 271 4612= 272 4747 2356

Displaved wvalwes are represented az mean £ standard error of the mean (SEM). % ome of the presented iz repant=d from our prior paper (Codado

and O Brisn 20171

MEASURED PHYSIOLOGICAL PARAMETERS AT BASELINE AND AT 3 AND 15 MIN AFTER US EXPOSURES

TABLE VI

FOR 24-MONTH-OLD FEMALE GROUPS (US AND CONTROL)

Control, 24-month-old females (N=5)

Ultrazound-applied, 24-month-old females (N=5)

Parameter (umits) Baszeline 3 Min 15 Min Bazeline 3 Min 15 Min

Heart Rat= (BFL) 23380 £ 1134 24400= 974 24000+ 981 24560+ 633 24680 954 25020 968
Cardiac Cutput (ml./ min} 3621 = 403 4309z 464 4367z 474 3414+ 2461 3713+ 221 3500+ 081
SwztolicBtroke Walume (pL) 13660 = 1684 16450= 1042 16460= 1030 14654021192 15440+ 540 14810+ 574
Ejection Fraction (%) 84.18 = 263 8877+ 097 8857z 091 8342+ 253 8520+ 206 B453% 169
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of the HR) was significant (p < 0.01), and the sex and
age effects were not significant and there were no significant
interactions. The Bonferroni test showed a significant effect at
3- and 15-min post-US exposure between age (three-month-
old versus six-month-old versus 12-month-old) and US (on
versus off).

C. Cardiac Output

1) Within Each Demographic: Compared to their respective
control groups, US had a significant decreasing effect on CO in
the three-month-old females (p < 0.01) and the five-month-old
females (p < 0.01) and males (p < 0.05) at 3-min post-US

exposure. These effects were maintained at 15-min post-US
exposure (Fig. 4).

2) Across All Groups: At 3-min post-US exposure, the US
effect (decrease of the CO) and age effects were significant
(p < 0.01 and p < 0.05, respectively) and there were no
significant interactions. At 15-min post-US exposure, the US
effect (decrease of the CO) was significant (p < 0.001), and
the age and sex effects were significant (p < 0.05 and p <
0.01, respectively). The interactions between sex, age, and US
were significant (p < 0.05). The Bonferroni test showed a
significant effect at 15-min post-US exposure between sexes
(male versus female).
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TABLE VII
SUMMARY TABLE OF FIGS. 1-5, DISPLAYING THE SIGNIFICANCE LEVEL OF EACH OF THE COMPARISONS BETWEEN
RESPECTIVE EXPERIMENTAL AND CONTROL SUBGROUPS
Time 3 min 15 min

Age 3 mo. 5 mo. 24mo. 3 mo. 5 mo. 24mo.
Parameter Abbr. F M F M F M F M F M F M
Heart Rate HR Hdw - w2 = = - - - - - - -
Cardiac Output co *ok - S - ; * ) kA )
Stroke/SystolicVolume SV - - - - - = = - = - - -
Ejection Fraction EF HalE - R - - - - - - - #*
End-Diastolic Volume  EDV - - - = = - - - * ik - -
End-Systolic Volume ESV wE - * - - - - - - - - #*
Respiratory Rate RE - = = - - - - - - - S
Arterial Pressure AP - - - - - - - - . B} . -
Rectal Temperature RT - - - - - = - - - - - -
Fractional Shortening FS o - * - - - - - - - - -

Legend: - Nof statistically significant; * p=0.03;

*p=001; ***p=0001. Abbr.: Abbreviation; F. Female; M:

Male. Times are post-ultrasound. Significance levels are from an unpaired Student's t test between the experimental
(=5 ea.) and control (N=5 ea ) groups of the given parameter relafive to pre-ultrasound applicafion baseline value
(ie. HR15/HRO). All statistically significant changes were decreases, except those to ESV and RT, which were

increases.

D. End-Diastolic Volume

1) Within Each Demographic: Compared to their respective
control groups, US had no statistically significant effect on
EDV in any group at 3-min post-US exposure. However,
the five-month-old females (p < 0.05) and males (p < 0.01)
had an effect (Fig. 5).

2) Across All Groups: At 3-min post-US exposure, the US
and sex effects were not significant. At 15-min post-US expo-
sure, the US effect (decrease of the EDV) and age effects were
not significant, the sex effects were significant (p < 0.05),
and there were significant interactions between sex, age, and
US (p < 0.05). The Bonferroni test showed a significant
effect at 15-min post-US exposures between age (three-month-
old versus six-month-old versus 12-month-old) and sex (male
versus female).

E. End-Systolic Volume

1) Within Each Demographic: Compared to their respective
control groups, US had a significant decreasing effect on ESV
in the three-month-old (p < 0.01) and the five-month-old (p <
0.05) females at 3-min post-US exposure, but not in any other
group (Fig. 6). At 15-min post-US exposure, those groups did
not maintain their effects; however, the 24-month-old males
had an effect (p < 0.05).

2) Across All Groups: At 3-min post-US exposure, the US
effect (decrease of the ESV) was significant (p < 0.001),
and the sex and age effects were not significant. There were
significant interactions between sex, age, and US (p < 0.01).
At 15-min post-US exposure, there were no significant effects
or interactions. The Bonferroni test showed a significant effect
at 3-min post-US exposures between US (on versus off) and
sex (male versus female).

F. Rectal Temperature

Across all groups, at 3- and 15-min post-US exposure,
the US (decrease of the RT) and age effects were not sig-
nificant (Fig. 7). The sex effects were significant (p < 0.05).
There were significant interactions between sex, age, and US.
However, the analysis within each group showed that the only
demographic with a statistically significant change was the
24-month-old males and that this change was a temperature
increase, not a decrease.

G. SV (Systolic Volume, SV)

1) Within Each Demographic: Compared to their respective
control groups, US did not result in a statistically significant
change on SV in any group, except for the five-month-
old females at 15-min post-US (p < 0.05) (see Fig. I,
Supplementary Material).

2) Across All Groups: At 3-min post-US exposure, the US
and sex effects were not significant. The age effects were
significant (p < 0.05). There were significant interactions
between sex, age, and US. At 15-min post-US exposure,
the US effect (decrease of the SV) was not significant,
the sex and age effects were significant (p < 0.05), and
there were significant interactions between sex, age, and US
(p < 0.05). The Bonferroni test showed a significant effect at
3- and 15-min post-US exposures between age (three-month-
old versus six-month-old versus 12-month-old) and sex (male
versus female).

H. Ejection Fraction

1) Within Each Demographic: Compared to their respective
control groups, US had a significant decreasing effect on EF
in the three-month-old (p < 0.001) and the five-month-old
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experimental subgroups and their respective control subgroups.

(p < 0.01) females at 3-min post-US exposure, but not in any
other groups. At 15-min post-US exposure, those groups did
not maintain their effects; however, the 24-month-old males
had an effect (p < 0.05) (see Fig. 2, Supplementary Material).

2) Across All Groups: At 3-min post-US exposure, in the US
effect, the decrease of the EF and age effects was significant
(p < 0.001 and p < 0.05, respectively. The interactions
between sex, age, and US were significant (p < 0.01). At
15-min post-US exposure, there were no significant effects or
interactions. The Bonferroni test showed a significant effect at
3-min post-US exposures between US (on versus off).
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I. Fractional Shortening

As expected, the effects on FS paralleled the previously
mentioned effects on EF.

1) Within Each Demographic: Compared to their respective
control groups, US had a significant decreasing effect on FS
in the three-month-old (p < 0.001) and the five-month-old
(p < 0.05) females at 3-min post-US exposure, but not in any
other group or at 15-min post-US (see, Fig. 3, Supplementary

Material).
2) Across All Groups: At 3-min post-US exposure, the US

effect (decrease of the FS) was significant (p < 0.01), the sex
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and age effects were not significant, and there were signif-
icant between sex, age. and US interactions (p < 0.05). At
15-min post-US exposure, there were no significant effects
or interactions. The Bonferroni test showed a significant effect
at 3-min post-US exposures between US (on versus off).

J. Other Parameters

For respiratory rate and arterial pressure at both
3- and 15-min post-US exposure, there were no significant
effects or interactions, overall across all groups, or within
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and (d) Same data but present the difference between the

any specific demographic (see Figs. 4 and 5, Supplementary
Material). Histological examination of the hearts and lungs
of all animals exposed to US did not show lesions after the
procedure.

IV. DISCUSSION

The aim of this study was to investigate the effect of US on
cardiac parameters, as mediated by age and sex. This study
is the first study on US-induced cardiac effects that contains
data across three age groups of rats.
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The present study was performed on 60 rats divided by
age (3, 6, and 24 months) and sex (male and female).
Considering the life cycle of female rodents, the 24-month-
old females correspond to a postmenopausal female adult
(about 60 years old), whereas the three- and five-month-
old females correspond to a young (but post-pubescent) and
young adult fertile females [26]. For comparison, in rats,
sexual maturity is at seven weeks, reproductive senescence
(“menopause”) is at 15-18 months, and the overall lifespan
is about 2.5-3.5 years [26]. One prior hypothesis was that

nd (d) Same data but present the difference between the

interaction with the sex hormones could be the major factor
whether US affected cardiac parameters. This was supported
by our previous results, suggesting that the effects were present
only in females and that they were present in premenopausal
rats, but not postmenopausal rats [25]. However, notably,
in this study, we found an effect in at least one male group.
Men and women both have meaningful levels of sex hor-
mones, including estrogen and testosterone. Literature indi-
cates the cardioprotective role of estrogen [32], [33], and there
are several proposed mechanisms, e.g., nitric oxide synthase
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activation or promoting the production of cardiac natriuretic
hormones [34], [35]. Moreover, female sex hormones play an
important role in cardiac electrophysiology [36], [37].

Our previous research demonstrated no significant changes
to the intrathoracic (intercostal space) and RTs after US
exposure [25]. In this present study, only RTs were mon-
itored due to invasiveness of the intrathoracic temperature
measurement; nevertheless, a similar lack of change was
observed on RT in each subgroup, except for the group of
24-month-old male rats 15-min post-US exposure (sex effect,
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p < 0.05, but RT increased, not decreased). These results are
contradictory with our prior hypothesis that interaction with
the sex hormones was the major factor determining whether
US application affected cardiac parameters as the literature
indicates that hormonal change is strongly associated with
temperature change [38]. Studies conducted in rats and other
animals showed a rise in colonic temperature at proestrus
in females, and castration had the reverse impact on the
temperature, the colonic temperatures of both females and
males [30], [39], [40]. Furthermore, ovariectomized mice



COIADO et al.: INVESTIGATION OF EFFECTS OF CARDIOVASCULAR THERAPEUTIC ULTRASOUND

177

K B N\ B\
- % O\ % - N\
.17 Hll N\ H \\\\
BB BN\ & [ N\
B BN\ 7 [ N\
3 BN\l 7 [ N\
I |

ol 7z, X\

Male

Female

O

<
S 4
° 3-month-old, female groups (N=10) 3-month-old, male groups (N=10})
B 5-month-old, female groups (N=10) B 5-month—old, male groups (N=10)
_ 24-month-old, female groups (N=10) 24-month-old, male groups (N=10)
o
€
3
= 8
© o
9]
>
c
[
o
E
[
i}
£ 84
£ o
=1
©
3
=
£
Z 3
N
[
c
[0
2
o
o 8 E I P 2 ) W
o
Female Male

3-month-old, female control 3-month-old, male control
O 3-month-old, female ultrasound B 3-month-old, male ultrasound
@ 5-month-old, female control B 5-month-old, male control
O 5-month-old, female ultrasound @ 5-month-old, male ultrasound
24-month-old, female control 24-month-old, male control
0 _ 24-month-old, female ultrasound 24-month-old, male ultrasound
c
£
E
©
£ o
: |7
£
5 o 7 [\
:
0l 7 |\
o 7 [\
o 7 [\
(=]
=

Male

Female

o

<
S 4
° 3-month-old, female groups (N=10) 3-month-old, male groups (N=10)
B 5-month-old, female groups (N=10) B 5-month—old, male groups (N=10)
- 24-month-old, female groups (N=10) 24-month-old, male groups (N=10}
H
Q
o
2 8
T o
%]
>
c
[
o
2
@
i}
T o
E 2
(=3
®
=
S
=5
€
0
= S
T o
—
=
<
[0
g
o N
s I \§
2 % 7
o

Male

Female

Fig. 7. RT, relative to preultrasound baseline, at the postultrasound times of (a) and (c) 3 and (b) and (d) 15 min. Temperatures converted to kelvin
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treated with estradiol demonstrated a decrease in core tem-
perature during the light phase [9]. However, it may still be
possible that there were hormonal changes and associated
temperature changes in our rats, but the magnitude of the
temperature change was below our statistical power to detect
it in our dataset of 60 rats.

In addition, our study contained data on two different
premenopausal age groups (three- and five-month-old), and the
younger premenopausal age group was more affected by US
than the middle-age premenopausal group (as seen specifically

in HR, CO, ESV, and EF at 3-min post-US exposure). This
trend suggests that there is not a strict boundary (such as
menopause) before when US effects manifest fully and after
when US effects are near nonexistent. Instead, it suggests that
there is a more generalized age trend. This age trend was
not present in the male group; the five-month-old middle-
age rats were the group to show the greatest effect, par-
ticularly in arguably the most important parameter, that is,
CO. In this demographic, CO was shown to be significant
(p < 0.05 at 3 min post-US exposure, p < 0.01 at 15-min
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post-US exposure), while HR and SV were not. The most
likely explanation for this observation is the relationship CO =
HR x SV for which both HR and SV were affected but
by an amount below their individual significance thresholds.
However, their composite CO has the combined effects of both
for which CO’s change was large enough to be statistically
significant.

The exact mechanism for the change in cardiac parameters
due to US exposure is not entirely understood. It has been
theorized that the US effect may be weight-age dependent; our
previous observations showed noteworthy differences in young
female rats compared with the young males and old females
rats [25]. Here, we demonstrate a similar trend and notice
that the trend also matches the weight distribution: 150-200 g
(three-month-old female) versus 300-350 g (three-month-old
male) versus 250-300 g (24-month-old female). Moreover,
differences in body weight of rats also affect the size of
internal organs including the heart. The three-month-old males
and the 24-month-old female rats weighted ~30% more than
the three- or five-month-old rats. Because in our experiments,
we used the same US transducer, it is possible that the US
wavefront has an influence on more cardiac structures in the
smaller rats (young and female) than the heavier ones (older
and male) because of the differences in cardiac size. This
would result in varying changes in the contractility of the
cardiomyocytes by age and sex. In addition, older rats have
more body fat in the chest area, which may result in a lower
penetration depth due to increased attenuation.

Alternatively, the unfocused US transducer could be
having a direct effect on cardiac tissue. Ultrasonic son-
ication of human cardiomyocytes in vifro has shown
decreased intracellular calcium levels during contraction yet
increased intracellular calcium in-between contractions [41].
Decreased intracellular calcium during contraction if seen
in vivo could explain the decreased EF and CO shown in
the results herein. It is also possible that the application
of unfocused US stimulates proteomic changes resulting in
the decrease of cardiac parameters displayed in the data.
Transthoracic pulsed US to rat myocardium has been shown
to transiently induce expression of inflammatory cytokines
and trophic factors, such as N terminal pro b-type natriuretic
peptide [42]. A transient rise in inflammatory mediators could
explain why the 15-min post-US exposure group shows less
significant changes in cardiac parameters in response to US
stimulation.

Given the dampening effect that US has on cardiac para-
meters, the technology could be potentially promising for
future use as an alternative or adjunct therapy for cardiac
arrhythmias, and however, more studies using a larger animal
model (pigs) are necessary to confirm the results. Cardiac
arrhythmias are typically treated with an implantable pace-
maker. Implantable pacemakers are most commonly used to
treat AV nodal block, sick sinus syndrome, and atrial fibrilla-
tion [14]. Sick sinus syndrome and AV nodal block can both
exhibit bradycardic features where the pacemaker is needed to
stimulate the heart up to its normal rate. Negative chronotropic
pacing would not be beneficial for these arrhythmias, although
it could have a role in treating atrial fibrillation. A negative

chronotropic effect would serve to prevent rapid ventricular
response in atrial fibrillation similar to class 2 and 4 phar-
maceutical antiarrhythmics [43]. Therefore, US pacing could
serve as a “pill-in-the-pocket” style atrial fibrillation converter.
While this is a niche role, it could still provide a benefit to
those who have persistent or paroxysmal atrial fibrillation but
also have contraindications for an implantable pacemaker.

In order to further access how well the effects from US
pacing would translate into humans, future studies would
benefit from using a more similar animal model, such as the
porcine heart. The porcine heart bears a close resemblance
to the human heart in terms of its coronary circulation and
hemodynamic similarities [44], making it an excellent choice
to continue studying the effects of US pacing on the heart.
Furthermore, the study could be advanced by evaluating the
different chambers of the heart individually. US that is focused
on individual chambers in lieu of the entire heart may shed
light on the underlying mechanism of the phenomenon we
have observed. This method of only stimulating part of the
heart could also eliminate the problem of varying heart sizes
between females and males.

V. CONCLUSION

The study has shown that pulsed US results in a significant
decrease in HR, FS, and CO for young female rats, as well
as a significant decrease in HR for a group of male rats.
The differences between genders could be due to an interplay
between various sex hormones or structural differences such as
heart size and pericardial insulation. Moving forward, assess-
ing ultrasonic pacing in a porcine heart will give insight into
the viability of this technology to translate to a human model.
Patients with atrial fibrillation in particular could greatly
benefit from the negative chronotropic effects of ultrasonic
pacing shown in the data. In addition, the feasibility of US
used as a therapy for CVD, especially arrhythmias, should
be further evaluated. Ultrasonic pacing has the potential to
serve as a minimally invasive therapy for tachyarrhythmias,
providing a nonsurgical treatment option. The goal herein
was to investigate the feasibility of well-controlled unfocused
pulsed US to yield cardiac pacing using specific ultrasonic
exposure parameters (e.g., PRPA, PRF, and PD).
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